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LACUSTRINE-HUMATE MODEL: SEDIMENTOLOGIC' AND GEOCHEMICAL MODEL FOR
TABULAR SANDSTONE URANIUM DEPOSITS IN THE MORRISON FORMATION, UTAH, -

- AND APPLICATION TO URANIUM EXPLORATION

By Fred Peterson and”Christine E. Turner-Peterson

Abstract
The lacustriﬁg-huﬁate‘mbdél iS'detivéd ffgm.the observed_ocFurrence of
_tabular uraﬁium.ore depésits in sandstone beds that consistently lie close to
~a distinct type-of‘offshoreiiacustrine gfay mudstone. This report attempts to
synthesize field'ﬁbservations; litefature data, and preliminary laboratory
ﬁork into an hjpothgsis or;ﬁodeliof fdtﬁatibn of this type of tabular uranium
oréfdeposit. Thé'bgq}c pteqise of the.model is that humicnand‘fulvic acids
‘genera;edhin the offshore mnddy sediments of humus-bearing lakes were expelled
by compacfion or seépage'intq~nea:by?sandstqﬁé”bedé whgte-the‘organic acids
ﬁere fixed as taBular humate deposits. Subs;quently;-ufaniumrbeéring ground
water passed through the sandstone where the humate fixed and concentrated the

uranium, forming tabular sandstone uranium deposits.



Introduction
The-lacustrine-humate model wﬁs proposed by Turner-Peterson and Peterson

(1978) to account forvfécies control of uranium mineralization in fluvial-
lacustrine rocks of the Jurassic Salt Wash Member of the Morrison Formation,
Utah,land the Triassic Stockton'Formation of the Newark Group, New Jersey and
Pennsylvania (fig. i). The limitgtion of uranium to a partiéulaf facies
associatioﬁ in both of ﬁhese'areas (figs. 2 and 3) implies that certain
inhereﬁt features in the depqsiﬁional environment were prerequisitgs fqr
mineralization, and these features, in turn, piace constraints-op hypotheses
concefning the processes that formed the ore. The most important constraints
are that infefred pore—ﬁater'and'ground-water éhemistry and ground—water flow
bpatferns related to the mineralization must be consistent wiéh those of the
depoéitidnal'environmen;sv(?etetson, 1927;_TurnerfPé§érson, 1977; 1979, 1980).

j~The‘Easic_ptemise of the lacustrine-humate model is that structureless
Organic matter_asspciated with-uraniﬁm iﬁ‘the'tabular sandstone ore déposits
'AOniginatéd;#é,éoiublewhumié?substances in~£herporeifluids.of offshore-
: lacugtrine gray mudstones..-The'juxtappsition of these‘gray mudstones,
'.hypothesized'to b§~sources.of soluble humic substaﬁées,'with perﬁeable '
sandstbne beds:(figs. 2, 3) appears to have been essential for uranium
mineralization. |

' This report briefly presents the salient points;of the model, with'the
Salt Waéh Membe; of thé‘Mbrrison Formation in southefn Utaﬁ sefving as an.
example. Features of othér'ufahium-distficts are also includéd where
applicable.  The basic features of the model should prove helpful in

- exploration for tabular orebodies.
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'Sedinentologic and iectonic Setting

Discontinuous.tabniar'nraninm'orebodies'in the Salt Wash Member of the -
Morrison Formation.in’tne’denry Monntains minerai Belt, Utah, are present in
flﬁviai and marginal-lacustrine sandstone Beds'that‘lie adjacent to a distinct
.type of offshore-lacustrine gray mudstone (fig. 2). The lacustrine mudstones
associated with the ore deposits were deposited in the more distal facies of
" the lowermost'alluvial-plain‘sequence.of‘thevMbrrison, on the east side of the
slowly subsiding Henry Basin. ﬁere; fluvial-energy or flow:regimes and‘rates
of clastic sedimentation by northeastward—flowing streams were low enough to
allow lakes to form. Brief descriptions of most of the facies in this part of
the Morrison are presented elsevhere (Peterson, 1980). '

The distribution of favorable lacustrine environments was largely
deternined by'structural‘novements at the time of deposition (Peterson, 1977,
1978,'1979). ‘Formation'of iakes in‘which tne favorable gray muds tones were
deposited largelyrdepended on:the interplay between tectonic subsidence and
fluvial sedimentation. When the rate of sutsidence in the synclines exceeded
clastic sedimentation by fluvial processes,.such as at times when fiuvisl |
sedimentation was by iower energy braided streams, lakes and ponds could form

in the most sediment-starved parts of the synclines. The process was most
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1 effective when the paleofold axes were.oriented approximately pefﬁendicular to
thé:paleoéttéam trends. | |
An 1isopach mép of the lower sequence in.the Henry Basin (fig. 4) shows
three small'synclines”that existe@ during depositionvof this part of the
Morrison Formation. Braided streams that carried élastic sediment into the
region flowed generally northeast and were predominately low—energy or low-
flow regime typés judging from the relatively pigh stratification ratiosA
(Smith;'197Q) of a§out’0.3 to 0.9. Scattered, discontinuous, favorablg gray
mudstone bedg, which occur in the lo?epmost ore-bearing part‘of the loéer
| sequencev(se;tiOn 3, fig. 2; fig. 5), coincide mainly with ihe-middle
syncli#e.v The oQg:all relationshipé‘indicate that the middle syncline was
partiy protgcted-frpm fluvia; égdiﬁentatidnAby‘fhe'adjacen;vpaleoaﬁticl;nes to
‘;ﬁé éo#ﬁhwest, allowing small lakes or pohds to form in the most sheltered and
sediment-scarved part of the s&nqline. Although not shown in this»réport,
favoraﬁlé offéhoré lapustrinéﬁgray mudéﬁopes associated witﬁ‘mineralization'in
‘.ihé middle of the lower sequepce‘OQCug,in a smaller area in the middle
syﬁgline. It is important to note that ghe isopached areas on'figure 5 as
- wé;lvas figure 6'sh6w the areas whgre_sqattéred, favofable gray mudstone
.lenses-are ptesent inAor adjaceﬁt:to ;hé ore-bearing sandstoné bed; no single, .
. favorable gray mudstone bed occurs throughout the isopached area. In
addition, the anticlines did'not grow by upward mdveﬁent; otherwise ﬁhgre
wbuld be ev;den;e of erosion on,the;r.cres;s§ instead, the entire region
| subsided and the anticlines merely subsided at a slower rate than the
synclines.v | | . | | |
Similarly, the relation of mineralization in ‘the uppermost part‘of the
lower sequence (sections 6 and 7, fig. 2) to growing folds 1s shown on figure

6. As on figure 5, the overall relationships indicate that the eastermmost
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syncline was partly protected'from fluvial sedimentation by the adjacent
paleoanticline to the west, allowing’small lakes or ponds to form in the most
sheltered or sediment-starved part of the syncline. ISOpachs of the upper |
sequence do not show these folds although more data is needed to confirm
this. One of the reasons’ the lakes did not form at this time was that the
stredms were of relativelyihigher energy'types‘(stratification ratios of about
0.2 to 0‘5) that cartied larée quantities of sediment and filled in the
synclines with sediment as soon as subsidence occurred. Thus, the isopach
maps (figs. 4 5, 6) demonstrate that growing folds affected sedimentation by
allowing. lakes to form at times when clastic sedimentation by fluvial
processes uas not excessive. :

Several small and subeconomih‘uranium*deposits~otour in the Salt Wash
outside theﬁminerailbeltuon the west and north sides“of the Henry Basin, lwél
suggest.that the reason for this lack‘of gignificant quantities of-mine:al
deposits.outside the mineralnbelt‘is.the‘iack of favorable gray mudstones.
Sedimentologic studies and regional relationshibs suggést that these mudstones
are not present outside the mineral belt because fluvial sedimentation was so

rapid that ponding could not take place even though synclinal or basinal

subsidence may have occurred. -
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Mudstones as SOurce.Rocksvof Humic Substances
bacustrine mudstones associated with ore deposits may be considered as

source rocks of soluble humic substances just as certain shales are considered
source rocks of oil and gas. The principal differences between the two source
.rocks are.the type of expelled organic material ‘and the time of 1its
expulsion. Humic substances dissolved in pore fluids are inferred to have -
1_'been expelled from their source muds during or shortly after deposition,

. whereas oil and gas are>expelled from their source rocks after a certain
degree of thermal alteration.‘ Humic substances differ from hydrocarbons by

containing relatively more oxygen and generally less hydrogen, as shown in the

' - accompanying Van Krevelen diagram (fig. 7). This‘diagram is commonly used in

the petroleum and coal industries to show the relationships and differences
between the various types of organic substances commonly found in ancient
rocksAand maturation pathways of the various organic materials.

The ability of humic substances to fix metals in large quantities,
including uranium, apparently is largely, although not- entirely, related to
their relatively high content of oxygen-bearing functional groups (Schnitzer
and Khan, 1978), especially the carboxyl (COOH) group (Borovec and others,
.1979) and phenolic OH group. High ur anium-enrichment factors for humic
substances have.been noted by several workers (Kochenov and-others,.1965;

- Szalay, 1958; Schmidtecollerus, 1969; Pauli, 1975§ Walker and Leventhal,
(1980) | -

Humic and fulvic acids are largely degradation products of plant -

- tissues. Both.acids are soluble in alkaline solutions (that is, solutions
with pH greater than 7), but humic acids precipitate under acid conditions,
whereas fulvic acids remain solubilized in acid conditions. Polyvalent cation

reactions (especially with Ca, Mg, Fe, and Al) and surface interactions with

12
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Figure 7.--Van Krevelen diagram showing elemental ratios for some naturally

occurring organic substances, kerogen evolution paths, and products of

~kerogen evolution. Sapropel field probably considerably larger than shown

here by the only available analysis. Dots indicate analyses of humic
acids obtained from lacustrine sediments by Ishiwatari (1967, 1973, 1975),
Karavayev and Budyak (1960), Kemp (1973), Nissenbaum and others (1972),
Otsuki and Hanya (1967), Povoledo and others (1975), Stevenson and Goh
(1971), and Stuermer and others (1978). Analyses of lacustrine fulvic
acids not available, but their field would overlap the right side of the
humic acids field. Remainder compiled from Cooper and Murchison (1969),
Dow (1977), Huc and Durand (1974, 1977), Hunt (1978), Tissot and others
(1974), and Van Krevelen (1961). - S :
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clays are otber important means by which tnese acids are fixed in sedimentary'
rocks.

In general, gray muds deposited in reducing and alkaline conditions are
considered potentially favorable source sediments for humic and fulvic acids
because reducing conditions favor preservation of humic matter in'the pore
:saters.of'lake-bottom sediments and because alkaline conditions favor
:solubilizationdo£>bunic substances so they can be expelled along with the pore
fluids; JE |

Two‘types of_organic-rich nudstones occur in the_Morrison Formation, but
only the fayorable type is.intimately.related to the ore deposits. Favorable
Amudstonea may.be recognired on the basis of'field criteria as well as by
-:palynological, chemical, and vitrinite analysis.

Favorable gray mudstones, which occur in assoclation with mineralized
' sandstones of the Salt Wash, commonly are finely laminated and contain

carbonized plant debris, epidermal and cuticular tissue,‘scarce iron sulfides,

and a palynomorph. suite lacking the alga BotryococCus. These beds are
"noncalcareous to.slightly calcareous; and they lack finely disseminated and
powdery carbonaceous matter.or microscopic carbon plates that are commonly
found in oil shales (R. H. Tschudy, written commun;, 1978, 1979). The type of
organic material‘contained in these mudstones can be'identifiedrwith a 10X

" hand lens in the field because they contain small, shredded fragments of
carbonized wood in which the cellular structure can be recognized and because
they usually lack irregular, structureless, carbonaceOus blebs and abundant
powdery carbonaceous material. Humic and fulvic acids in lakes are
degradation products commonly formed fron plant materials and aquatic
organisms. "Thus, the fairly abundant plant material, well-preserved '

palynomorphs, and the scarce pyrite suggest that these mudstones were

14



deposited in lakes that may have had stratified waters and that most likely

had humic and fulvic acids generated in oxygen-deficient bottom muds. Because

these organic acids are toxic to Botryococcus (Dulhunty, 1944), the consistent
lack of this aquatic alga in the favorable gray mudstones suggests that the
acids may have been;abundant in the lake waters.

Unravorable gray, organic mudstones that occur in unmineralized parts of
the Morrison are readily distinguished from the favorable gray mudstomes. In
fact, some of the unfavorable gray mudstones closely resemble o0il shales.

This similarity to oil ‘shales may make them undesirable for fixing uranium
because oil and gas hydrocarbons, by themselves, are known not to .concentrate
uranium in significant quantities (Erickson and others, 1954 Hyden, 1961;
Mbore, 1954 Andreyev and Chumachenko, 1964 Antropov and others, 1976)

Some unfavorable gray mudstones contain carbonized plant debris similar
to that oflfauorable gray mudstones;' However, unlike'favorable mudstones,
these unfauorable mudstones contain finely disseminated and structureless
organic matter and microscopic carbon plates much like those found in oil
shales (R. H. Tschudy, written commun., 1978, 1979). Examination with a 10X
- hand lens also reveals small irregular blebs of carbonaceous matter of unknown

:origin that lack cellular structure and appear to resemble dried oil. Locally
abundant, fine, powdery carbonaceous material can also be seen with the aid of
a hand lens, and, if present in sufficient abundance, 41t may be recognized by
the sooty stain it leaves on one’s hands and clothes. The absence of
epidermal and cuticular tissue in the residue from palynological analysis (R.
H. Tschudy, written commun., 1978 1979) also distinguishes the unfavorable
mudstones from favorable ones. Most of the unfavorable mudstones are

calcareous or are closely associated with thin limestone beds.



The common occurrence of the alga Botryococcus is one of the most

interesting characteristics of the unfavorable gray mudstones. Botryococcus

thrives only in humus-free lakes, apparently because high concentrations of
humic and fulvic acids are toxic to it (Dulhunty, 1944). Because these lakes
apparently do not provide the relatively large quantities of soluble and ;
mobile humic substances which we postulate to be necessary for uranium
mineralization, sandstone beds associated with oil-shale lake beds or

‘Botryococcus-bearing mudstones, such as those of the Tertiary Green River

:VFormation or the Lower Cretaceous Burro Canyon Formation, respectively,lare
:considered poor'exploration targets for uranium deposits. In addition,'the
relatively large amount of divalent cations (Ca, Mg) that must have been
around as indicated by chemical analyses and by the calcareous nature of
_these beds and their association with limestone beds, suggests that any humic
substances that might have been produced were fixed in the bottom sediments by
these cations and therefore could not have migrated out of the mudstones and
into nearby sandstone beds.: % A

The difference between organic materials in the two types of mudstone
that contain carbonaceous material is shown in figure 8, which shows atomic
K hydrogen/carbon ratios versus vitrinite reflectance. The favorable gray
mudstones contain humic.kerogen, which is what would be expected if the
kerogen in these rocks was derived from.organic substances that contained
appreciable quantities of humic and fulvic acids. On the other hand, the

unfavorable~BotryocOCCus-bearing gray mudstones contain liptinitic kerogen,

indicating they have a somewhat different type of organic matter that has a
cloger affinity to oil shales or petroleum source rocks. The dissimilarity of
_ the kerogens in the two different types of offshore lacustrine, gray mudstones

is an important part of our model and may demonstrate that only certain types
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Figure 8.--Diagram showing kerogen evolution pathways in terms of atomic H/C
~ ratios and vitrinite reflectance (Dow, 1977). Kerogen isolated from
nonradioactive gray mudstones of the Morrison Formation in the Henry
Mountains mineral belt are indicated by triangles (favorable gray
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commun,, 1979, : ' ’ o
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of organic matter partitipate in the ore-forming process, or that certain
types of organic matter are more favorable‘for the mineralizing procesé than
others.'l |

Other types of mudstones‘that are not sources of soluble humic
substances, and are therefore unfavorable, are red mudstones, bleached red
mudstones,'énd calcareous gray mudstones commonly associated with limestone or
gypsum. The oxidizing conditions that existed in red mudstones are not
‘amenable to'eithé: the formation or presérvation of humic substances.
Mudstones that wére fe& and were subseqﬁently bleached are unfavorable for the
same reasoﬁ. Because thg?nafé now gray or green, bieached mudstones might be
confused with favorable gray mudéténéé; but they éan be distinguished by their
lack.of carbonized organic ﬁatter and by their close relationship to red"
mudstones. The abuqéant divalent catioﬁs in pore waters associated withvthe
Calcﬁreoué mu&stones, espetially ﬁg.éndAC;, wogld tequto'fix'within these
Amnastones any,hﬁmiclsubstanceé th#t mi§ht have,beén formed; rather than allow
tﬁe:ﬁuﬁié.substa;ces tb m;gra;e'ouﬁlofrthgse mudéf&hes énd into adjécent

sandstone beds.

Precipitation of Humic Substances in Sandstone Beds,

and Associated Alteration Features

We postulate that the‘humic substances, which were dissolved in alkaline
and reducing pore fluids of the lake bottom sediments, were eipelled from the
mudstones ﬁy compaction or seepage into nearby sandstones wherevthey.were :
fiﬁed as tabular‘hhﬁate bpdies. When the hydrologic conditions were such that
the lakés lost ﬁater by seepage downward through the bottom sediments (fig.
9), pore fluids containing humic and fulvic acids and bisulfide (HS™) migrated

out of the lacustrine bottom muds and were fixed in sénds below the muds. If

18



LACUSTRINE'HiJMATE MODEL(LEAKY LAKE)

Figure g.--Lacustrine-humate model, "leaky" lake variation: the favorable
gray mudstone lies directly above the ore-bearing sandstone bed. Pore
waters in the offshore lacustrine muds bear dissolved humic substances
(HA = humic acids, Fa = fulvic acids) and bisulfide (HS"). The waters
seep downward into the underlying sandstone bed where the humic
substances are fixed as a tabular humate mass. At a slightly later
time, uranium carried by ground water moving laterally through the
sandstone bed is fixed by the humate to form the ore deposit.

19




uranium now marks the sites where the humic materials-came to rest, then this
" set ‘of oaleohydrologic conditions applies to the numerous uranium deposits in
the Salt Wash of the Henry Mountains.region that 1ie in sandstones directly'
below favorable-mudstone source rocks. In contrast, when the hydrologic
conditions were such that no water was lost through the lake bottom sediments,
pore waters containing the dissolved humic substances and bisulfide (HS™ ) were
| expelled by compaction (fig; 10) and moved laterally and(or) upward through,
aud werevfined:within, tbe adjacent sandstone beds. This paleohydrologic
configuration would apply to the Newark basin uranium occurrences as well as
.several occurrences in the Salt Wash of the Henry Basin in which the
mineralization is in sandstones 1atera11y adjacent to or above the favorable
mudstones tnaf were“the source.of the humic substances._nThus, pore fluids '
’containing»tne dissolved?bunic substances moved either shortly before or
during.conbactiOn and burial. The imporfant point is tbat'fhey did not move
far from their source»rocksebecause the one—to-one‘SPatial_relationship |
between rhe.lacusrrine mudstoneS»anduthe uranium enrichmenf in nearby
fsandstones isAsfill'preserved; | | |

| Reaction of the organics with clay clasts and clay‘coatings on sand
' grains to form organo—clay complexes is the most likely mechanism by which the
humic substances were fixed in the- sandstone beds (fig. 11) Iron and
aluminum hydroxides coating the surfaces of clay particles are abundant in
near-surface gsediments during early diagenesis. The hydroxides commonly form
bridge linkages between the negatively charged clay films and the negatiyely‘
charged organic-acid molecules, ss hydroxides carry a posifive.chargevbelow pH
8 (Greenland, 1971). Ground water entering the sands surrounding’rhe SaltA
Wash and Newark lakes (figs. 9, 10) most likely would have had a neutral to

slightly alkaline pH (ébout“7-7-5), in the range of normal ground water.
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LA-_CUSTHINE-HUMAIE ‘MODEL
- (COMPACTION)

"Humic acids,
fulvic acids,,
and HMST

Nearshore-lacustrl

O URANIUM-RICH HUMATE ZONE

F1gure 10--Lacustrine-humate model. compaction variation: .The favorable gray
mudstones are interbedded with, or lie laterally to the ore-bearing
sandstone beds.  Pore waters in the offshore lacustrine muds bear

o dissolved humic substances (HA = humic acids, FA = fulvic acids) and
A ¢ bisulfide (HS”). The waters are -expelled by compaction and migrate
: laterally and (or) upward into nearby sandstones where the humic
' substances are fixed as a tabular humate mass. - At a slightly later
time; uranium carried by ground water moving laterally and upward
through the sandstone bed is fixed by the humate to form the ore deposit.
Ground water flow patterns near the margin of the lake after McBride
and: Pfannkuch (1975) and Winter (1978).




(NORMAL G

Figuré 11.--Precipitation of humic substances delivered from pore fluids in

- lacustrine muds, and associated alteration features. Positively
charged aluminum hydroxides (A](OH)X+) attract and fix organic anions
(HA™; humic and fulvic acids) onto Clay surfaces. Iron leached by
humic substances combines with bisulfide (HS™) derived fram pore fluids
of Take muds to form pyrite. -The result is bleaching of clay clasts,

. pyrite formation, and humate precipitation. GW indicates ground water.
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Thus, the.hvdroxides coating the clays in the sandstones would have had a
positive surface charge, resulting in attraction for and precipitation of
organic anions delivered by'the pore fluids expelled from the more alkaline

~ lake muds (fig. 11). Because of theAinferred high alkalinity of the pore-
.waters in the muds, the pH of the.pore-waters immediately after expulsion may
have-been higher than 8, too high for the formation of organo-clay complexes
by the bridge—linkage mechanism. Mixing of these initially alkaline humic-
bearing pore—waters with fresher ground water flowing through the sandstone

» beds, however, may have resulted in their dilution as they escaped through the
permeable sandstone unitsa When the pH was lowered below 8, by mixing, the
humic>anions mav'then have been,attracted'to the hydroxides on the clay
surfaces.-iAlthough hydroxides of iron and‘aluminum carry a positive charge
below pH 8, they are most effective in. fixing humic substances at around pH 7
(Evans and Russell, 1959; Martin, 1960 Martin and Reeve, 1960). 1In this
manner, with only a slight dilution of the alkaline, humic-bearing pore'
waters, by mixing with normaljground water, organics may have been fixed by
the.hvdroxides; With the hydroxides as bridge-linkages, precipitation of
humate in clay clast zones as well as on clay coats on the sand grains may
have been facilitated.

Iron and aluminum hydroxides coat sand grains in many environments
(Hubert and Reed"1978° Van Houten, 1§72). Thus, even without clay surfaces,
organics can be precipitated by iron and aluminum hydroxides, ‘accounting for
' places 1in the tabular ores where humate impregnates the host rock by filling
pore Spaces._ Curtis (1978) has pointed out that the most reactive phases |
during early diagenesis in.sedimentS‘include iron and aluminum hydroxides,
clavs,.and degraded organic matter. In addition, he notes that the presence

of hydroxides in sediments is often underestimated because they are not:
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revealed by X~ray diffraction analyses. Proposed here is the ideé'that these
.reaétivé éhases (hydfoxides, clayé, and organic mattef) were iﬁportant during
' early'diag;netic stages of theAMorrison Formation and Newark Group.
Compacéion is inferred to have caused movement of humic-rich pore fluids from
thé,interbeddedbclayskohés and mudétones into nearby éandstones, an& the
interactions of the organics with hydroxides and ﬁydroxide-co;ted clays in the
sandstones may have causgd the pfécipifétion of the humate.
| ‘*VCommod"alteration features associated with tabular orebodies include
bleachiﬁg of clay clasts and formation of pyrite'in the zome éf humate
precipitatioqvand uraniﬁm.minetalization. These features can also be
expléiﬁeé ﬁf*thé introduction'of:humié substances and bisulfide from ihe
nearby lake mu&s.  Pyrite forma£;on probabl& consuﬁed most of.the'iron.;
hydroxideé_dn élay'patticlés around sand grains as well as inm clay clasté
becauserhumic égbstaﬁces ;eadiiy léach iron and would have made it.available
to jbin with the'bisﬁlfide-to férﬁ pyriﬁe (fig. 11).. This suggests that the
positively—charged aluminug hydroxides, rather than,tﬁe iron hydroxides; were
largely responsible for fixing tﬁe humic anions;  fﬁus, bleaching of clay
clasts and pyrite formation are viewea as alteratién features that occurred
gimultaneously with the introduction and precipitation of organic acids
' expglled'from the lake muds. The reaction can be summarized as féllows:
oxidized clay ciasts‘and'iron and aluminum hydroxides in the presence of
jsolublé humic substances énd‘Bisulfide (@s7) yield bieached clay clasts,
humate,. and pfrife. V ‘

Becausevthe mudstones were originaliy horizontﬁl, most of the fluids
migrating away from thgm during seepage or compaction would have had'Qer;ical
: chemical-gradients.A Thérefore, precipitation of the ﬁumic_substances

contained in the pore fluids would have taken place in a given sandstone bed
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at the'samevhorizon above or below the mudstone source rock, resulting in the
roughly tabular geometry of the precipitated humate. Preservation of the
closeAépatial relationship between the ore deposits and the favorable gray
mudstones éuggests ﬁhat‘the humic material did not move far from the source
rocks. The discbntinuéus and 1rregular distribution of the tabular ore
deposits is attfibuted to kl)'che irregular and discontinuous distribution of
the févérable gray mﬁdstones,-(Z) movemént of grdund'water in the sandstone
beds duringjdf slightly after expulsion of the humic substances from the
‘muds tones, (3) local differences in'porosity and pérmeability in ;he sandstone
beds, and (4) Neogene'leachingAand‘?edistribution'of déposits that lie above
the fégional water table or of depoéits that lie a Shdrt distance below the
wﬁt;r éable where.groundeatér’could have migrated through the sandstone beds
containing the p;‘_e.‘-"~

The humaté-riéh,tones within the ore—beéring sandstones of the Salt Wash
are medium gray to dark gray or brown’from interstitial disseminated humic
subsﬁances'és well as‘carBonized.plant'debris.‘ Thé pore spaces in the
sandstone do not Apﬁear to Be cbﬁpletely filled with hymate, and thus the rock
iéAnoﬁ eQer&whéfe blacg as it is in‘ﬁhgitabular ore zones of the Grantq
mineral bélt in.north@estern New Mexico. We feel that fhe mudstone beds in
the Salt Wash wefe not suffigien£l§ thick or efficient in generating humic
substadceé, or thaﬁrthe lékes in. which they werevqepositéd‘did not exis; long
enough to provide sufficient'humic’material to completely fiil the pore spaces
iﬁ ;he éandstone. Qf coufse, ste of thg organic gubstances wefe lost ffom
the uranigm deposits by maturat;on-with'time and temperature‘changes
a¢c§mpanying bdrigl (Huc and Durand, 1977; Tissot and Welfe,‘1978) and from
_the effects of radiation (Breger, 1974; Levenﬁha; and Threlkeld, 1978). To
us, thé différéncé in the quantity‘of>humic material seems to account for the
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difference in appearance between the gray to brown Salt Wash ore zones and the
black ore zoneslof the Grants region.

A corollary of the model is that preservation of plant debris by
carbonization as the so-called "carbon trash" in the orebodies 1is a
conseqdence ot the processes that formed the humate body rather than the chief
t:canse_of.the‘mineralization. Most of the carbonized plant material in the

sandstone beds does not occur in sconrs:or trash pockets. Instead, carbonized
plant fragments in and near the ore deposits lie scattered through the

. 8andstone bed or are slightly concentrated along bedding laminae. The
-original wide distribution of plant fragments throughout the sandstone beds ds
indicated b&_the,presence'of silicified wood well away from the ore.
_deposits.,,This indicates that plant material.originally'had a far greater
distribntion in the sandstone beds than is apparent from the-present-day
distribution of the carbonized plant fragments, the plant material away from
;-orebodies was either preserved by silicification or destroyed by oxidizing
ground water or other degradation processes. For these reasons we believe-
that preservation by carbonization occurred only in those parts of the
sandstone beds in which humate formed a protective chemical envelope that
allowed carbonization»to proceed. ‘This concept is contrary to the commonly
held idea"that plant-trash zones occurred only'in selected scours as trash

piles or logjams within the sandstone beds.

Uranium Fixed within Humate ﬁass
During. or subsequent to formationvof the tabular humate body in the
sandstone, ground water carrying dissolved uranium as uranyl.dicarbonate or
tricarbonate passed through the sandstone beds. We postulate that the uranium

was fixed and concentrated largely, although not necessarily entirely, by the
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Figure 12.--Humate mass fixes uranium from ground water. Uranium carried in
ground water. as uranyl di- and tri-carbonate is fixed in +6 state by
- humate. The uranium may be reduced to the +4 state at a later time.
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| humate to form the orevdeposit (fig. 12); Humic substances have the ability
to remove and fix uranium in the oxidized i+6) state directly from ground
water (Szalay, 1958, 1964; Schmidt-Collerus, 1969; Jennings and Leventhal,
1977). This ability is significant because mineralization can occur without
the redox interface that is considered an essential part of other models, such
as in roll-type deposits-or uhere'a stable fluid interface is hypothesizedlto
1lie between overlying uranium-bearing ground water and underlying reducing
fluids. This also suggests'that uranium can be carried in ground water that
does not necessarily oxidize the pre-existing pyrite (Brookins, 1976; Granger
and Warren, i979), accounting for the location of tabular ores well within
'reduced ground without having to call upon rereduction. Alteration features,
i,such as bleaching of clay clasts and pyrite formation, are attributed to.the
earlier introduction of organic-rich fluids, the later‘delivery of uranium in
j ground water apparently does not involve significant alteration of the host
sandstone. Details of the processes in which uranium is fixed by humic
' substances are not well understood; however, the processes are~believed to'be-
v‘a combination of chelation and complexing (Schmidt-Collerus; 1969) or of
sorption followed by later reduction (Kochenov and others, 1977).
| In addition to fixing at least some of the uranium, the humate probably
formed a protected zone within the sandstone that may have allowed other
processes that fix uranium to occur,'such as adsorption by plant debris
'(Andreyev and.others, 1962) or by processes involving:sulfur. The role of
sulfur iS'uncertain, but_generation.of appreciable quantities of HZS byn.
sulfate;reducing bacteria seems unlikely because vascular plant tissues are
v gpoor sources of nutrients for.these organisms (Lyons and Gaudette, 1979).
Also, small quantities of selenate probably were in the ore-bearing 'solutions

or in waters surrounding the orebodies, judging from the presence of selenium
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in the ore deposits, an&'the presance_of selenate innib;ﬁs the nroceés.of HéS
generation by sulfate-reducing bacteria.(POStgate, 1949). 1In addition, the
presence of significant quantities of HZS in sandstoncs would be expected to
cause extensive bleaching of adjacent redbeds, but no appreciable amount of
alteration has been found in red mudstones'that 1ie'directly above or below
the ore-bearing sandstones..
- . No conclusive evidence has been found to indicate the source of the

uranium, althoughnmoat.workers are of che:opinion thatlit was derived from
alteration of volcanlic materials, especialiy ash, that were incorporated in

sandstones of the Salt Washl(waters and Granger, 1953; Cadigan, 1967).

v’.:Application of the Model to Other Tabular Ores 

and Use as an Exploration Guide

aa'nentionad aarlier, gray mudstoncs mnsthhayc been deposited in
reduciné; alkaline, lake—bottom aa&incnts to be considered favorable source
rocks of'humic subatances bacause‘reducing‘conditions favor preservation of
‘humic matter invthc‘pofa watera of thc nudsnand because alkaline conditions
favor_éolubiiization of humic subscanceé so théy can be expelled along with
_tha‘pore fluidse. Also critical‘to ch% model is‘tne type of organic matter

incorporated in the sediments. Several continental sequences, both uranium-

bearing and barren, were evaluated in light of these criteria, and the:

lacustrine-humate model apparently can éxplain why certain parts of the rock
record, although favorable by‘conventional criteria, do not contain tabular

[ .

sandstone uranium deposits.
An important balance between thc amount of organic matter incorporated in
the muds and the pH of the pore fluids appears to be an important factor in

determining'whether or not a particular formation is favorable or unfavorable
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for mineralization by processes involved in‘the lacustrine~humate model
(fig»'13). Incorporation of:abundant organic matter tends to lower the pore-
water.pH because of the increased acidity asgociated with normal oxidation and
fermentation of organic matter. This happens in peat bogs and coal swamps
where the pH is commonly are as low as 3-6 (Baas Becking and others, 1960).
Tnis low-pH may partly be why the Cretaceous Dakota Sandstone generally lacks
significant uranium deposits. The acidity of the pore waters would have
inhibited mobilization of;humiciacids, which.are‘precipitated\under acid
conditions; and. most of'tbese_acids‘would have remained trapped in the muds.
Althoughffulvic acids asfwell as some of the humic acids may have migrated
into sandstone beds.and contributed to preservation of the plant debris, it is
more 1likely that preservation of plant matter in some of the sandstone beds in

. the Dakota was due to widespread reducing conditions below a shallow regional

o water table, as suggested by the presence of carbonaceous organic matter in

overbank mudstones of.the Dakota. Thus, althOugh the Dakota contains fluvial
vsandstones with locally abundant carbonaceous trash and at first may appear
favorable by conventional‘criteria,‘the lack of mobility of some of the. humic
substances decreases tnewlikelihood,of finding significant tabular uranium
deposits in the formation;'A ' |

Preservation of abundant plant debris in the Dakota also- suggests an-
explanation for ‘the apparent climatic control of many uranium deposits. The
humid climate of the Late Cretaceous resulted in ‘such an abundance of
'»vegetation-throughout theAregion that acid pore.waters caused by decaying
vegetation.inhibited mobilization and expulsion~of humic substances into
~ nearby sandstone‘beds. Also, so much organic matter was present and reducing
conditions.were so.uidespread that any uranium-that mas brought into the

region was trapped in a digpersed state wherever it met adsorbing organic

substances or reducing conditions.
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~ Figure 13.--Schematic diagram showing inferred pH of pore waters in muds as a
function of the amount of incorporated volcanic ash and organic matter.
‘Alteration of ash tends to raise pH, whereas alteration of organic matter
tends to depress pH. These two parameters may affect favorability of

_ source rocks because alkaline conditions are conducive to solubilization

" and migration of humic substances.

*, volcanic ash was not deposited in the Lockatong lake sediments, and the
high pH for these mudstones is inferred from the presence of sedimentary
analcime. . . ‘ : o :

K+BB, "K" shales in Westwater Canyon Member and mudstones in Brushy Basin

. Member, Morrison Formation, Grants mineral belt, New Mexico.

L, Lockatong Formation, Newark basin, Pennsylvania and New Jersey.

S, Salt wash Member, Morrison Formation, Henry Mountains mineral belt, Utah.
C, Chinle Formation, Circle Cl1iffs and White Canyon districts, Utah.

0, Dakota Formation, Colorado Plateau.
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In contrast, semiarid paleoclimates appear to have been more favorable
for the formation of tabular uranium‘deposits. In these climatic conditions,
plant growth was more.restricted, occurring only along water courses, in and
.near lakes, or at higher elevations where rainfall may have been more
‘frequent. The greater aridit& tended to discourage growth in other areas.
Consequently, the amount .of vegetation incorporated within the lake muds would
';probably have been less than under humid climatic conditions. The pH of the
lake muds would therefore not have been lowered considerably by degradation of
- organic ‘material incorporated in them. 1In addltion,.semiarid climates. tend to
favor develobment of alkaline lakes because of the concentration of ions by
evaporation; Theseatwo factors combined.would result in moreialkaline_pore
waters in the anoxic-lakeebottOm‘eedimentsf VThe alkaline-pore waters would
'. promote solubilization of'humic‘subetancesIformed by degradation of the
davailable plant.materialr.so that'these substancea could be expelled into
nearby sandstone beds where they could be_fiked as tabular humate masses.
Oxidizing conditions at and near the surface in sediments surrounding the
lakes would tend to keep uranium in solution until it encountered the humate
trap, ratherrthan.allow the uranium to be fixed in a dispersed state as it may
have been in the Dakota. |

Proposed here, therefore; is the idea  that certain climates are conducive
to the formation of tabular humate masses in sandstone and are therefore
favorable for the formation of tabular uranium deposits. We feel that climate
may be an important large scale factor in determining the favorability of
'_ finding tabular uranium deposits in differentaparts of the rock record.
In addition to the development of alkaline lakes in a semiarid climate,

the incorporation of large amounts of volcanic debris in the lake muds at the

time of deposition also favored mobilization of humic material. Alteration of
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volcanic ash may have céused a rise_in,pﬂ sufficiént to solﬁbilize humic acids
ana allow tﬁem:to move out of the muds with the pore fluids. This probably
happened iﬁ thé'Salp Wash of the Henry Mountains region (fig. 13)vwhere
mudstones associgted with ;abula; orebodies are bentonitic, and it also
applies to mudstones near ore-bearing sandstones in the Chinle Formation of
theAColoradQ Plateau. In the Westwater Canyon Member of the Morrison
Formation of.the Grants. region of New MExico,»the_"K" shales, which interbed
with.the:ore-béaring sandstones, would aiso be’ favorable source rocks for
humic substanées (fig,.13)- Lérgeiamouﬁts.of volganic debris'incorporated'in
~the muds of the "K" shales raised the pore-water pH high enough to effectively
strip the muds of'humie material and allow the pore Qéters to move the humic
V material into nearby‘sapdstoné beds, accbpnting forvthe world’s largest .
tabular sandstone uranium orebodies. The increaséd pore-water pH in the "K"
shales also resulted in comp;ete destruétion of plant fragments in the muds,
so that the mudstones presently contain no organic matter at all. The 'K
shales in the Grants'regioﬂ, which are lacustrine invdrigin (Turner-Peterson
and'others,A1980), aré not only much fhickér than the lacustrine muds tones in
‘the Salt Wash of the Henry Mouﬁtéins fegion but élso'contained more volcanic
debris, which suggests that the primary differeﬁce»bétween tabular Salt Wash
ores and tabuiar Westwater Canyon ores is a matter ofrscalé*rather than
origin. |

Incorporation_of volcanic debris in the lacustrine yudstones was-probably
the-mosﬁ effectiVe way in which the pH of.the pore fléids was raised,vbut ‘
'alkaline pore fluids exisF in'éoﬁe lakés in_the absence of volcanic debris.
In the Triassic Lockatong Formation in the Newark basin (fig. 13), for
insfance, sedimentary analcime occurs with no apparent tﬁffaceous precursor

(Van Houten, 1962);~ A poré-water pH of 9 or greater probably existed in the
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Lockatong pore fluids, based on recent studies of’analcimé in lake‘sediments
devoid of Yoléanic.matefial (Schreiber and others, 1972). Thus, even without
volcanic'débris, certain lake sediments contéin pore waters that-are
gufficiently alkaliﬁe.to solubilize humic substances and move them into
adjacent sandstone beds. |

No single criterion ;s-sufficient to détermine whether a particular
mudstone is'févbrablé o;‘unfé?ofablé asia soptce rock for humic aﬁbstances,-

with the possible exceﬁtion‘of Botryococcus, which appears to be a good

indicator of.the lack or scarcity of humic and fulvic acids in the lake
waters.. The type of orgénics and the early chemicai nature of the pore waters
probably are»the‘critiqgl factors. Field criteria, paiynological.analysis,
elemental chemiéal énalyses, and-vitrihite reflectancé>are several techniques
that are being:ﬁéed iﬁ discriminating favorable f:bm unfavorable'source‘
rﬁéks. As in oil and gas soﬁrce;rock sﬁudies, however, a combination of
criteria and tests is more reliable than any single'one. At this point, using
.the lacustrine-ﬁumate-model as alguide,‘favdrable:rqcks (Morrison and Chinie
Fo?maticns) can be readily disﬁinguishgd from unfavorable rocks (Dakota and
Green Riveerormaﬁions);: With further fefining of humate-source-rock studiés,
the lacustfine-hdmate mbéel could prove to.be a significant explorétion guide

for tabular sandstone uranium deposits.

Summary and Conclusions
The lacustrine-humate model can be sumharized as-follows: ' y
l. Formation of alkaline and reducing lakes in a semiarid climate, in
areas of tectonic subsidence. Lake-sediment pore flﬁids contained solubilized -

humic substances.



2. Expulsion of the humic substances from the gray lacustrine mudstones,
by seepage or compaction into adjacent sandstone beds.

3. Formation of tabular humate bodies within the sandstone beds by |
reaction of humic-rich pore fluids with hydroxides on clay particles coating
the sand grains. |

4. Subsequent‘flow.of uraniumrbearing ground water around and through
the humate bodies which extracted and concentrated uranium through time.

The lacustrine-humate model differs from other models in that the humic
substances are inferred to have migrated only short distances from mudstone
beds thatllieinear the ore-bearing sandstones.' The model is also an attempt
to work within the constraints‘of facies control pore-water and groundfwater
'chemistry and flow patterns are based on reconstruction of depositiomnal

nvironments and are consistent with what would be expected in a natural

system containing'those environments.
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