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INTRODUCTION

Modern alkall lakes with trona sediments are distrib-
uted in MNei Menggu, Xinjiang and ether provinces in
China and are also found in other parts of the world,
such as the well-khuwn Sears Lake in the ULS. and
Magadi Alkali Lake in Kenya. However, ancient trona
deposits are rare and only two have so far been discov-
ered: the Green River trona deposit (Hocenc in age) in
Wyoming in the U.S, and the Wucheng trona deposil
{late Eocene in age} in Henan province of China. Trona
depaosits are of an evaporite type but somewhat different
in origin from other salt deposits, such as those having
halite and sylvite, and have their special mctallogenic
conditions and depositional mechanisin.

GEOLOGICAL CHARACTERISTICS OF THE
WUCHENG TRONA DEPOSIT

Regional and Ore-District Geology

The Wucheng Basin, which contains the trona deposit,
is & Tertiary fault basin that began to form and develop in
the late Eocene epoch. 1t cavers an arca of 260 km? and is
controlied by two sets of faults striking northwest and
northeast, respectively, and resulting in a roughly ellip-
tical form for the basin (Figure 1). The Archean mixed
gneiss occurs in its south part, Paleezoic schist and
metamorphic intermediaste-basic volcanic rock, ete. in
the north, east and west, and the Yanshanian granites in
the south and northwest.

The whole interior of the basin s occupied by the
Cenozote rock formalions, with the terrigenous clasts-
evaporite more than 2,400 m thick. The stratigraphic
units are described in ascending order as follows:

Lower Tertiury——1the late Eocene Maoflapo Formation
{purplish red conglomerate and sandstone, 530 m thick),
the Lishegou Formation {(greyish vellow and green sand-

stone and mudstone, with argillaccous dolomite and low-
quality oil shale in the upper part, 580 m thick), the
Waulidui Farmation {grey argillaceous dolomite and ol
shale, with salt and soda in the lower part 830 m rhick)
and the Dazhangzhuang Formation (grevish-green thick-
bedded silt mudstone with low-quality oil shale, 300 m
thick)

Upper Tertimy—variagated or brown sand conglom-
erate and sandy mudstone, overlying the Lower Tertiary
m an angular unconformity, {0 to 200 m thick).

The basin is well elosed, steep in the south and gentke in
the north, with the center of subsidence near the south
side and the maximum depth of about 2,000 m.

Geology of the Deposit

The alkali deposit occurs in the lower member of the
Waulidui Formation of the Lower Tertiary, 050 10 970 m
below the surface. It is multi-bedded, strikes ENE and
generally dips 8° 1o 10¥ towards SSE and covers an area
of 4.6 km?.

The deposit has altogether 36 ore beds, cach of which
has a foot wall consisting of brown il shale and an upper
wall of silt-bearing argillaceous dolomite. The fower 15
beds are genevally 0.5 to 1.3 m thick, with the maximum
of 2.38 m, and consist of rona, the upper 21 beds are gen-
grally 1 to 3 m thick, with maximum of 4.56 m, and con-
sist of mixed rock salt and irona. Therefore, the whole
ore-bearing stratum is divided into two: the lower rrona
section and the upper salt-trona section. Besides, it can
be divided into seven ore associations from battom to top
according to thythic features, which are arranged in an
imbricate form sequentially from the northwest to the
southeast.

The chemical composition of the ore beds is mainiy
Na;C0O;, NaHCO, and Na(l, with traces of other ele-
ments such as K and Br, Analyses show that the average
percentage of the chemical components of the trona heds
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Figure 1. Sketch of the wgmna} geology of the Wucheng trana deposit, (Modified from the 12th

Geological team of henan). 1

- Quaternary System: 2. Upper Tertiary; 3-6. Lower Teritary (3. Daz-
hangzhuang F; 3. Walidoi F; 5. Lishigou F; and 6. Maojizpo F.3; 7,

Palongzaic: 8, Archean; 9.

Granite; and 10. Soda ore {vertical line: trona of lower part; hotizontal line: salt ared snida of the up-

per part}.

are as follows: NaHCO; = 4028, Na,(Qy — 28,23
NaCl = 0.54, SO}~ = 0.02, HyO = 9.42 and water-
insoluble substances = 21.21.

The content of water-insoluble substance in these ore
beds is remarkably high beeause of the presence of thin
argillacevus doiomite and other muddy matter, while in
the upper salt-trona beds the muddy intercalations are
decreased, thus reducing the content of water-insohuble
substance.

Tronz i the predominant salt mineral of the deposit,
and halite and nshocolite come second. Shortite and nor-
thupite are found associated with trona in ore beds but
are mostly limited to foot and upper walls {mainly i foot-
wail oil shale} as granmular aggregates, laminations or a
dentritic form (cross-cutting but not disturbing the bed-
ding). {In China, shortiie was first discovered in the
Wucheng area). Lo country rocks. there are also pyrite,
pyrrhotite, delomite, clay minerals, calcite, opal, anaicite
and dry asphalt, etc.

Sedimentary Characteristics for the Ovre-hearing Sections

1. The deposit is characterized by weil-developed
rhythmic sedimentation in the ore-bearing strata. The
lowest beds are rhrythniites composed of silt-bearing argil-
laceous dolomite-oft shale-ore bed {Figure 2. The lower
ore-bearing section consisis of trona, containing rhyth-
mites generally 4 06 m thick, whereas the upper ore-bear-
ing section consists of salt-trona, containing rhythmites 8
10 12 m thick and vil shale and ore beds thicker than those
of the lewer ore-bearing section.

OQbviously, every rhythmite reflects a process of concen-
tration, ie., a change from the fresh lake water to the
saline, At first the Ca. and Mg-carbonate precipitated
abundantly, and then the brine became concentrated and
trona precipitated. In the late portion of a depositional
cycle, a chloride stage occurs during which the halite is
depesited. All the trona precipifated on the ofl shale,
which is widely distributed. The area, where the shale s
highly concentrated, strongly layered, comparaiively
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Figure 2. Sketch of the texture of end comparison between rhythmiles in the ore-beaving
sections. 1. Salt-trona ore; 2. Trona ore; 3. Oil shafe; and 4. Silt-bearing argillaceous dolo-

mite or doloemitic mudsione.

thick and rich in oi, is just the area where trona is
precipitazed, Mogeover, lumps or thin beds of trona are
often found in the o shale near the ore beds. This
demonstrates an alkaline water medium is the environ-
nent for the oil shale deposition. which is basically con-
sistent with that for the trona precipitation.

2. The chemical composition of the ore bed shows a reg-
glar change hoth vertically and laterallv. As exemplified
by the Na. I bed of Ore Association [V {Figure 3), we find
the lowest part is dominated by NuyCO; and NaH(CO,,
with rare NaCl; the marginal part is dominated by NaHCO;;
the middle part is duminated by NaCl with fess NaHCO,
and Na,CO,; and the uppermost part has a smaller ex-
tent, with decreased NaCl but increased NaHCO; and
Na.CO; laterally, has no NaCl sediments in its southwest
and southeast marginal zones. This indicates that during
the concentration of the brine, the area of the water body
gradually reduced, resuiting in a smaler extent of NaCl
deposition,

The above mentioned features can only be found in
weli-developed horizons. Due to the influence of various
factors, the trona bed is absent from the uppermost part
of many harizons, but in the Ore Associations V1 and VI

some horizons are dominated by NaCl, indicating a trend
of strong concentration for the chiuride brine. This is in
accordance with the general law of development for car-
bonate lakes.

3, It is important that in the ore-bearing section, even
in the sediments of the whole basin, no sulphate minerals
have been found. Generally. these minerals commonly
occur in carbonate lskes. For instance, mirabifite and
other minerals of the same type occur in modern soda
lakes in China but are absent from the stady area

ORIGIN OF THE TRONA DEPOSIT

A trona deposit is of the same metallogenic series as
saft deposits. It is not the produoet of a simple brine evapo-
ration but has its own particular metallogenic conditions
and sedimentation mechanism,

Metaflogenic Conditiens

Sedimentary enwironment. The Wucheng Basin is an
intand basin of ferresirial salf-lake sedimeats. No evi-
dence of marine sediments has beern found through
stratigraphic and palacontological studies. The possibil-
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Figure 3.  Distribution of chemical composition [ur the No. T bed of the Ore Association
IV. 1. Na,COy + NaHCO; > 70%, NaCt < 3% 2. NaCO, + NaHCO, < 20%, NaCl

= 8070 and 3. NayCO; + NaHCO; >

ity of a marine environment may also be excluded becausc
trona must precipitate in a carbonate fake. In other
words, the preciptiation of trona can only be caused by
{he carbonate-type of water in which the carbonale ions
are highly concentrated and the pH greater than 9 (still
greater as the soda-forming proceeds), i.e. the chemical
type of the water must meet the formula {COI +
HCO,)/(Ca?t + Mg?t) > 1. Seawater is quite differ-
enl. Tt is of the water of magnesium sulphate type. All the
data of scawater evaporation experiments show that trona
cannot be precipitated from seawater. It fuliows that the
trena ore can omnly be produced in terrestrial carbonate-
water fakes. Moreover, only when large amounts of Na~
exists can the sodinm carbonates be precipiiated after the
deposition of Ca- and Mg-carbanate. Therefore, the re-
charge of carbonare-type water rich in sodium is one of
the basic conditions for the formation of a trona deposit.

The Wucheng Basin is surreunded by metamorphic
and ignecus rock according to the analysis by the Re-
gional Survey Team of the Heran Geological Bureau,
these rocks contain 4.80% to 5.90% of Na,0, 0.32% to
1.36% of Ca0 and 8.1% {0 0.73% of MgQ. Obviousiy.
the surface water and phreatic water flowing through the
rocks would bring abundant Na* to the lake basin, These
waters are all of & bicarbonate type,

The analysis of the representative spring water from
the northern margin of the hasin indicates that the water
contains 381.34 mg/L of HCOT, 2 mg/L of SO and
2.73 mg/L of C1™, The recharge of this type of water is

40% , NaCl is about 50%.

the necessary condition for ¢he deposition of the trona of
the Wucheng deposit,

Relation between trona and organic marrer. The forma-
tion uf a trona deposit requires, besides the recharge of the
carhonate-type of water, the continuous supply of ahun-
dant CO,. Figure 4 provides the theoretical basis for this
prablem. The contenis of CO; and HCOZ ™ in the solution
are related fo the partial pressure of CO,. as shown by the
equilibrium formula COF™ + €Oy + H0 = 2HCOT . If
there is a continzous supply of CO,y, nahcolite and trona
would be formed; if not, soda or thermonatrite would be
formed. Obviously the formation of a frona deposit re-
quires the supply of abundant CO,. But what is the source
of the CG,7 As menttioned above, hefore the deposition of
trona, extensive oil shafe had already been deposited. Duy-
ing that time, a lor of planktonic organisms died. Un-
doubtediy the decomposition of the remains of the organ-
isms to release CO; wagld become the main source of the
€O, in the leke water. Thercfore, the deposition of trona
has a close genetic relation with organic matter, which is
als¢ maybe the reason why the trona is deposited immedi-
ately above the oil shale.

[t can he seen that the recharge of the Na-rich water of
carbonate rype from metamorphic and igneous rocks and
the presence of abundant organic matter are the most im-
portant conditions for the formation of a trona depesit,
This 15 guite different from other salt deposits, namely,
the trona deposits have a special sotirce of ore material.
Without these twe conditions, no trona deposits would be
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Figure 4. PCO,-7T diagram of the system of NaCOq-
NaHCO;-H,0, (After Qui Yihua et al., Manual of 3aif Mineral
Determination),

formed, as has also been demonstrated by some other
frona deposits in China and other couniries.

For example, modern alkali lakes arc also found in Th
Ju League and Xilin Gol League of Nel Menggu and in
Hami of Xinjiang. The water rechurged to these lakes is
all dominated by the HCQ;— Cl-Na or HCO4-Na type,
and the soda beds are just in the black ooze. In the Bivang
Depression of Henan Province, highly concentrated alka-
line brine occurs in the interbedded dolomite and ol
shale in the lower part of the upper Focene. The Green
River trona depusit: in the U.S. is also of terrestrial sedi-
ments of a carbonate lake, and strongly similar {o the
Wucheng deposit. The most inveresting similarity is that
the Green River deposit also has the sedimentary rhyth-
mite of oil shale-trona-mart and 1ts trona bed also ocours
immediately above the oil shate (Deardorif, 1971} Eug-
ster {1971) held that trona is deposited in a non-marine
sedimentary environment. Through observation in the
Magadi alkali Lake, he found that the biue-green and red
algae and the organisms in the lake can produce abus-
dant gas, and he considered that this gas may be the main
source of CO, for the precipitation of irona from high-pH
¢bicarbonate-poor, lake brines.

Tectonics. paleogeography and paleo-climarology. The
Whucheng Basin is an asymmetric elliptical fault basin,
down-faulred on the south and overthrusting onte other
tecionic units on the north, and is hounded by marginal
faults on the southwest and southeast (Figure 1). A major
boundary fault on the north margin of the Huaiyang Rise
bounds the basin on the southwest. This fanit strikes

7

notchwest and is a large, deep, extensive fault. it controls
# series of Mesozic and Cenozoic basins in Henan Prov-
mee through its hereditary activities and hecomes their
southern boundary fault, as exemplified by the Biyang
Depression to the northwest of Wucheng Basin and the
Loshan Sag and Huangchuan Sag to the southeast, The
fault bounding the basin on the soatheast sirikes north-
gast. Faults with similar tiends are developed in the sur-
rounding area and aiso bound-the above mentioned sags.

It is this tectonic framework thal has led to the well-
closed intermont basin. On the sowth of the basin is the
high Tengbai Range, and on the north are hilis. The
basin receives recharge of water from surrounding areas
but has no discharge channels. Therefore, it is a good
place for the cofiection and concentration of brine to form
a deposit. The lithological, petrographical and paleo-
hydrodynamic direction studies show that there were two
rivers on the northwest and the northeast, respectively,
which flowed into the basin, and that the area of the lake
basit was wuch smailer in the late Focene Lhap in the
earier period and changed with the climate. and salt-
alkali precipitated bed by bed with the alternation be-
tween dilation and concentration of the lake water,
{Figure 5},

During the trona-forming period, the Wucheng Basin
was in a subiropical climate zane with a repeated arid-
sermi-arid cimate alternation, which is consistent with the
pateochimatic zome of central-south Chinag in the same
period (Wu Ping et al. 1980). We will nit discuss &t in
detait here.

These paleogengraphic and palecclimatological condi-
tions ate pecessary and important for the formation of
evaporite. In this respect, a trona deposit is consistent
with other salt deposits. In general, a structurally con-
trotled closed basin is favourable for the accumulation
and concentration of hrine, and the alternation between
arid and semi-arid climates may cause the evaporation of
alkaline brine to precipitate alkali minerals, Although
the modein afkah lakes in Nei Menggu and other places

in China are distributed in temperate or temperate-frigid

zones, they are all characterized by an arkd or semi-arid
climate. Their alkali sediments are mostly soda, often
erystalized under low temperature in winter, with rela-
tively less trona, This shows that they are quite ditferent
from the subtropical alkali lakes in which trona is the pre-
dominant sediment and that the CO, supply is probably
deficient. Al this ramains to be siudiegd.

Petrographic conditions, Petrographic conditions may
exert a strict control on the trona deposit. During the
alkali-forming period (late Eocenc epoch), the facies-
zone assemblage of the Wucheng Basin occurred as an
obvioas “bull's eye” pattern, thin in the center and thick
on the maigin, with the alkali minerals being present in
the ol shale-dotomite facies zone of the center. The U.S.
Green River trona deposit has the petrographic charac-
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Figure 5. Fucics-pualcogrographic sketch of the fute Eocene (Wulidui epoch) Wucherg Basin (shghrly modified from 12th Gevlogical
Team of Henan pruvinee). 1. Lake shore sandsrone feciey; 2. Sift-mudstone-oil shale facies; 3. Oidlshale-dotomite facies; 4. Trona;
5, Trona-rock sait; 6. Flowing direction of river; 7. Derivation of alkali material: ¥, Thickness contours of sediments.

reristics similar to those of the Wucheng deposit and
shows the same petrographic zonation: sand-mudstone
on the basin’s margin and marl and oil shale, rich in Mg
matter, occufring in the center, and within this range
trona and halite are deposited. The petrography of the
two frona deposils indicates that the sound combination
of dolomite, oif shale and trona is not only significant in
the explanation of their origin hut also valuable to the ex-
ploration of other ancient trona deposits.

Deposition of Trona

Through the above-mentioned analysis of metallogenic
conditions, we mav summarize the processes of brine ac-
cumealation in alkali lakes as follows; the water of a car-
bogate type is recharged to the lake basin through surface
run-off, underground infiliration and spring ete.; during
the arid period. abundant inflow of surface water is
stopped, the cvaporation exceeds the vecharge, and the
movement of ground water changed from the predomi-
nantly horizonial to the predominantly vertical, Due to
strong evaporation, crystallized atkali material can ogceur
on the mud fiat on the margin of the lake basin; then, the
material may be dissolved and taken into the lake by
spring water or blown into it by wind, and ¥ may also
migrate into the lake due to the underground circalation

of water, resulting in higher alkali concentration for the
lake water. Thess phenomena can be observed in all
muaodern altkalt lakes.

With the evaporation of water, the brine becomes more
concentrated and the alkali mineral may precipitate. This
precipitation requires nat only the evaporation of water
but also an adequate supply of CO,. Besides, the pH of
the solution should be greater than 9 and would continue
o rise; there should be abundant organic matter and a
comparatively strong reducing environment for the bot-
tomt water {what mineral will be formed is dependent on
this botiom water environment). The observation of salt
crystallization pracess of Owens Lake in the 1.5, shows
that three minerals (natron, trona and ashcolite) crystal-
lized at the surface of the lake and then dropped onto the
bottom but were sll converted into trona within one and a
half years. It foliows thar proper temperature, CO; eon-
tent and state of the lake's surface water may cause the
precipitation of three minerals, but its botiom warer is
favourahle for the stability of trona and may finally cause
the formation of it.

The interaction of organic matfer, sulfate ions and bac-
teria activities may produce CO; and H,8: the CG, s im-
mediately reabsorbed and NaHCGO; s continuously pro-
duced, thus forming the trona:
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057 4 2C + 2H,0 —+ H,S + 2C0, + 20H
v HaS + 2HCO, -
From this formula, it can be scen that the €O, pro-

duced by the decomposition of organisms is very impor-
tanl to the formation of trona.

After the brine is highly concentrated, the minerals will

be precipiated separafely due to the difference in their
solubitities. For instance, soda is generally formed in win-
ter but trona under relatively high temperature. Under
the same temperature, e.g. at 40VC, the solubility of
NaHCO;- HyO is 33.2% but that of NaHCO, is only
11.3%. Obviously, nahcalite will be precipitated first,
The bottom. especially the mariginal part, of afkali beds
of the Wucheng deposit is offen dominated by nzheolite
and the upper part by trona. This depoesition order is
clearly refated to solubility,

There is no soda mineral, useally formed under rela-
tively low temperature, in the alkall beds, indicating that
during the alkali-forming period the temperature was
relatively high, and before the brine became dry, the sup-
ply of CO, was quite sufficient.

The deposition rate of the trona bed is relatively high.
In the Magadi lake, trona was deposited at arate of 210 §
cmsyear. In the Wucheng deposit, trona beds often con-
tain thin mud laminations, probably representing the al-
ternative deposiis in the rainy and the dry season in each
vear. From this it can be deduced rhat the trona of the
deposit was deposiled at the rate of at least 2 emsyear,
However, due to the change in climate and the recharge of
fresh water, the continuous deposition of alkali material
was interrupted and the superficial alkali bed was dis-
solved. For the upper are section, Na(l saturated the rele-
vant brine and crystalized, which is probably refated to
more stable deposition and extended peried of the varia-
tion of climate. Therefore, this section’s rhythniites are
¢ntlarged and trona beds thickened.

Future Studies

Few {roma deposits have so far been discovered in
China. in particular, only one ancient trona deposit, the
Wucheng deposit, s found. The level of the study of these
deposits is stiil fow, and there are some problems worthy
of further study. For instance, sulphate minerals arc ab-
scnt in the deposit. Why? There may be two reasons: 1)
the byine originaily received little supply of SO and
could not become saturated with the ion in ifs sttbsequent
concentration; 2} the desulphurization by bacteria under
reduction conditions might reduce the originally deficient
sulphate to H,5, which later escaped into the air or formed
pyrite and other minerals (the pyrite bed often found on
the contact between argillacecus dolomite and trona bed
in the deposit may be produced by this process).

73

The Green River alkali deposit of the U8, also lacks
sulphate mincrals. The above explanation, however, i
not perfect because in miodern alkali fakes the sulphate
mineral (mirabilite} is commonly found, as distinguished
from ancient atkali deposits. It is worthy of foture study
why there is such a great difference between the modern
alkali lakes and the ancient alkali deposits. Indeed, there
are also modern alkali Iakes, such as Magadi Lake, in
which no sulphate mineral it present, but the source of
salt material is quite another guestion. The material of a
salt deposit may be derived from many sources. The sall
material may come from, besides the release of arrested
salt and the resolution of salt, the activities of magnias
and movement of deep brines which may bring salt, It is
considered that Magadi Lake has obtained the deep
alkali material rising along the East Africa Rift. Whether
these hypotheses are applcable to the Wucheng alkali
deposit remaing to be carefully studied. For example, no
evidence of the activity of basaltic magma, which may
bring abundant CJ,, has been found in the Wucheng
area, and the recharge of redissolved salt is impossible
because there is no older salt deposits in the surroundings
of the Wucheng deposit.

Moreaver, there are some other problems, What law i
there regarding the control of the conditions such as
material source and chmate on alkali deposits of different
types {1.e., one dominated by trona sediment and the other
by soda sediment)? Under what conditions is the highly
concentrated alkaline brine formed, which is so rarely seen
in the Bivang Depression of Henan? All these are the sub-
jects remaining to be further explored in the study of alkal
deposits in China.
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