percent of the tagged S. patens from the
preceding fall survived, and in Georgia,
27 percent survived. The remaining four
species had no over-winter survival of
individual culms. The morphology of the
surviving culms differed from most
stems tagged in May 1975. These culms
represented a new age class having
unique production and senéscence rates.

The data represent one age class of in-
dividual culms from the whole plant
community. Recruitment during the
growing season was evident by the mea-
surement of stem densities (2) from
quadrat counts performed concurrent
with the monitoring of tagged plants.
Elongation, leaf production, senescence,
and abscission-pattern similarity for the
younger culms must be determined be-
fore the entire population can be charac-
terized. For plant species that die com-
pletely over winter, the initial group of
tillers is the most important with respect
to ultimate productivity. Spartina patens
from Delaware and Georgia represent a
different situation in which approximate-
ly 25 percent of the population survives
to the succeeding growing season. The
problem of assessing annual primary
productivity is complicated by this car-
ry-over of material. The importance of
studying individual culms is essential to
an understanding of the spatial and tem-
poral variation in overall community
production.

Estimates of leaf-abscission and stem-
mortality time and numbers indicate
some independence of primary produc-
tivity from peak standing-crop biomass.
The importance of plant biomass addi-
tions before peak standing-crop biomass
has been suggested (5). Attempts to
quantify the primary production using
the midseason addition would require
biomass measurements of each dead leaf
and each dead culm of various heights.
Calculation of rates of turnover from live
to dead standing crops would enhance
and validate traditional harvest methods.
Geratologic studies of plant tissue within
a plant community varies spatially and
temporally, demonstrating the need for
specific rate measurements for each
community.

The continual addition of plant tissue
to the marsh system by individual culms
indicates the independence of peak
standing crop biomass from annual pri-
mary production. The effect was more
pronounced in the southern latitudes
where seasonal climatic changes are less
abrupt in controlling plant growth and
senescence. The carry-over of plant tis-
sue from the previous year and the pro-
duction of leaves after cessation of culm
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elongation in S. patens further substan-
tiated the continuum of plant tissue loss-
es.

The dependence of leaf production on
culm elongation was evident for S. alter-
niflora, P. communis, and S. cyno-
suroides. The similarity of the seasonal
pattern of leaf senescence in Delaware
and Georgia suggests climatic control of
this process. High spring senescence
rates were not met with immediately in-
creased abscission rate; rather, a time
lag of varying duration existed. Plants
with a culm longevity of 1 year had in-
creased mortality rates near winter, and
plants with a culm longevity exceeding 1
year had constant seasonal mortality
rates.

Each of the growth processes dictates
the time and quantity of tissue transition
from live to dead and the addition of de-
tritus to the estuarine food web. Resi-
dence time of leaves, continual culm
mortality, and pulses of detritus export
are species dependent and constitute the
essential processes controlling primary

The Charnockite Geotherm

production that ultimately dictates the
value of each plant species to the ecosys-
tem.

MICHAEL A. HARDISKY

ROBERT J. REIMOLD

University of Georgia,
Marine Extension Service,
Brunswick 31520
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Abstract. Charnockite, a hypersthene-bearing granite, and other associated rocks
of the charnockite series have a global distribution. These rocks, according to evi-
dence from mineral-chemical and experimental phase equilibrium relations, formed
or recrystallized at temperatures between 800° and 900°C and at relatively shallow
depths of 6 to 12 kilometers. This evidence indicates the existence of geothermal
gradients of 70° to 100°C per kilometer probably at various times, the latest being

around 1300 X 108 years ago.

Charnockites are granites containing
hypersthene (Mg,Fe)SiO;. Generally
they occur in association with rocks or
other bulk compositions, and the name
“‘charnockite series’” is used for the
group of rocks that is related in time and
space. In this report I demonstrate that
rocks of the charnockite series have
formed in chemical equilibrium and pro-
vide information on the pressure and
temperature of formation. The results
may have an important bearing on mod-
els of the thermal evolution of the earth.

Charnockites occur in many parts of
the world (1); they are generally closely
associated with metamorphic rocks of
the granulite facies and anorthosites.
Figure 1 shows the distribution of char-
nockites and of the rocks of the granulite
facies (2). However, on the basis of this
map, it should not be inferred that
charnockites are related in space since
they are much older than the time when
the breakup of the Pangaea began [200 X
108 years before the present (B.P.)] and
the configuration of the continents at that

time is unknown.

Petrologists generally agree that
charnockites are metamorphic rocks
which could be of either sedimentary or
igneous origin (3-5). Hubbard (5), for ex-
ample, has described the in situ char-
nockitization (6) of sedimentary rocks in
the Varberg area of Sweden. On the
basis of extensive fieldwork, he has dis-
tinguished these rocks from a separate
charnockite-granite association that is
clearly of igneous origin (7). Similar field
relationships in the occurrences of
charnockites have been described from
many parts of the world.

The chemical composition of coexist-
ing phases in a rock can be used both to
demonstrate the approach of a system to
chemical equilibrium during recrystalli-
zation (8) and to estimate the pressure
and temperature of crystallization of the
phases (9). According to chemical ther-
modynamics, the distribution of two
components A and B in coexisting binary
solid solutions « and B, which equili-
brated at a certain pressure and temper-
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ature, is given by a smooth curve when
the ratio cf the components (A/B) in « is
plotted against a similar ratio (A/B) in 8.
An ion-exchange reaction which de-
pends only on pressure and temperature
and the compositions of the phases may
be expressed as

A-a + B-B = AB + B-a N

If both « and B are ideal solutions, the
distribution points (A/B) in a versus (A/
B) in 8 must fall on a straight line whose
slope is a function of pressure and tem-
perature. For nonideal binary solutions,
the distribution points define a smooth
curve if equilibrium is established. A
scatter of distribution points for meta-
morphic rocks indicates disequilibrium.
For a multicomponent solution, how-
ever, scatter may result from nonideal
ionic substitutions in the phases under
consideration as demonstrated by Kretz
@®).

Data on the chemical composition of
minerals in the charnockites have been
presented by several investigators (¢, 10,
11). Orthopyroxene (FeSiO;-MgSiO;) and
clinopyroxene (FeCaSi,Og-MgCaSi,0p)
are two quasi-binary solutions common-
ly present in these rocks. First, I will ex-
amine the evidence of chemical equilibri-
um in the distribution of Fe?** and Mg?*
and other ions in coexisting minerals,
particularly in the two pyroxenes. I have

Fig. 1. Charnockite occurrences (open cir-
cles) shown on Hurley and Rand’s (2) map of
the granulite facies rocks (closed circles).
Since data on charnockite ages are meager
and have not been critically evaluated, no
relationship in age or time can yet be implied.
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Table 1. A summary of estimates of the tem-
perature of crystallization of charnockite py-
roxenes.

Temperature
Area ©C)

India 825 to 905
Adirondacks, New York 800 to 900
Uganda 850

Sweden 800 to 870
Finland 835t0 915
Norway 800

Sudan 800

Poland 800 to 900

assumed that the charnockites have
formed in a narrow range of pressure and
temperature, irrespective of their geo-
graphic occurrence.

Figure 2 shows the Mg/Fe ratio for
clinopyroxene plotted against the same
ratio for orthopyroxene in charnockites
from India, Scandinavia, and New York
«, 10, 11). The Mg/Fe ratios of coexist-
ing pyroxenes in rocks of the Stillwater
igneous complex (/2) have also been
plotted for comparison. There is a dis-
tinct difference in the way the data from
the two groups of rocks plot. The data
can be closely fitted by two straight lines
with average distribution coefficients, K
(K, = Mg/Fe in orthopyroxene divided
by Mg/Fe in clinopyroxene), of 0.6 for
the charnockites and 0.75 for the Stillwa-
ter rocks. Kretz [see (9)] found similarly
that the K, values for metamorphic
rocks lie close to 0.54 and those for ig-
neous rocks close to 0.73. Saxena has
discussed the effects of pressure and
temperature on Ky, (9). For the Stillwater
rocks, McCallum (/2) has inferred a tem-
perature range of crystallization of 1000°
to 1200°C. The charnockite pyroxenes
contain a higher Ca content than the
Stillwater pyroxenes, but the low Ca
content in igneous pyroxenes has been
clearly recognized to be due to the high
temperature of crystallization (I3). For
Fe-free pyroxenes, the Ca content is a
measure of the temperature of crystalli-
zation (I3). Figure 3 shows the distribu-
tion of Cr in coexisting pyroxenes in Adi-
rondack rocks (/4) and in Stillwater
rocks (12), and Fig. 4 shows the Mn dis-
tribution in several coexisting minerals
in Varberg charnockites (/7). The order-
ly distribution of ions in Figs. 2 through 4
indicates that pyroxenes in charnockites
crystallized in chemical equilibrium over
a narrow range of pressure and temper-
ature and that the temperature of forma-
tion of charnockites was distinctly dif-
ferent from those of igneous plutons. The
charnockite temperature of formation
lies in the subsolidus range for most bas-

ic and intermediate bulk chemical com-
positions.

In an effort to estimate the pressure
and temperature of formation of char-
nockites, I will use two independent
lines of approach. The first consists of
the use of an empirically’ derived, two-
pyroxene geothermometer, and the sec-
ond method is based on experimentally
determined phase equilibrium relations.

The compositions of coexisting pyrox-
enes in Fe-poor systems have been used
extensively in the literature (/3) to esti-
mate the temperature of pyroxene crys-
tallization. The problems of pyroxene
geothermometry in ultramafic rocks (13)
are different from those in charnockites.
The charnockite pyroxenes are poor in
Al [usually less than 2.0 percent (by
weight) of AlL,O,] and relatively rich in
Fe. A thermodynamic model of a two-
pyroxene geothermometer based on the
compositional data on coexisting pyrox-
enes of Ross and Huebner (15) has been
proposed by Saxena (I6). This ther-
mometer does not take into account the
effect of pressure and of such com-
ponents as AIP*, Fe**t, and Ti** in pyrox-
enes. Using this thermometer, Gross (I7)
determined the temperatures of crystalli-
zation of over 50 coexisting pyroxenes in
charnockites (Table 1). The estimated
temperatures appear to lie in the range
800° to 925°C with an average value of
870°C. At present, experimental data on
the compositions of coexisting pyrox-
enes are inadequate and the activity-
composition relations are incompletely

Mg/Fe CPX
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Fig. 2. Distribution of Fe and Mg in coexisting
orthopyroxene (OPX) and clinopyroxene
(CPX). Open circles represent charnockites
from India, Sweden, Norway, Finland, and
New York. Each circle represents more than
one sample. Data on igneous pyroxenes from
the Stillwater complex have also been plotted
(crosses) for comparison.
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Fig. 3. Distribution of Cr in coexisting ortho-
pyroxens (OPX) and clinopyroxene (CPX):
X = Cr/(Cr + Al). Open circles represent
Stillwater samples, and closed circles repre-
sent the Adirondack granulites.

known. Therefore, it is not possible to
estimate errors in the temperature deter-
mination; however, the range of 800° to
900°C for the formation of charnockites
appears reasonable on the basis of pet-
rogenetic considerations as discussed
below.

Figure 5 shows a collection of some
experimentally determined pressure-
temperature phase equilibria relevant to
the establishment of the pressure and
temperature of formation of charnock-
ites. Curve 1 represents the critical mix-
ing of albite (NaAlSi;O;) and orthoclase
(KAISi;Oq) as determined by Morse (18).
At temperatures below curve 1 an alka-
li feldspar solid solution unmixes and
forms perthite and antiperthite textures
which are common in charnockites. The
alkali feldspars in charnockites, how-
ever, contain Ca in addition. The critical
curve shifts toward higher temperatures
as a function of increasing Ca content
(I8). The occurrence of perthite in
charnockites, therefore, indicates a mini-
mum temperature of crystallization of
700°C.

Curve 2 represents the reaction of
tremolite [Ca,Mg;SigO,,(OH),] with di-
opside (CaMgSi,0q), enstatite (MgSiO;),
quartz (SiO,), and water (/9):

CayMg;Sig0,(OH), = 2 CaMgSi,Of +
3 MgSiO; + SiO, + H,O )

In charnockites two pyroxenes and the
aluminous amphibole hornblende are
commonly present. Hornblende differs
from tremolite in containing Al and some
Na. All three minerals contain significant
concentrations of the Fe end-members.
A theoretical analysis of the equilibrium
in Eq. 2 indicates that, although the ef-
fect of increasing Fe in the minerals
shifts the equilibrium curve to lower
temperatures (20), the effect of in-
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troducing Al in amphibole would be the
opposite.

According to Luth’s 21) work, an as-
semblage in the Fe-free system con-
taining phlogopite [KMg;AlSi;O,,(OH),],
alkali feldspar (KAISi;O;), enstatite,
and quartz is stable in the field between
curves 3 and 4 representing the re-
actions:

KMg;AlSi;0,(0OH), + 3 Si0, =
KAISi;Oq + 3 MgSiO; + H,O  (3)
KAISi;Og + MgSiO, + SiO, +
H,O = liquid melt “)

Thermodynamic considerations indicate
that, because Fe and Mg are distributed
approximately equally between biotite
and orthopyroxene (/1), the presence of
Fe in the charnockite assemblage would
not change the equilibrium relations sig-
nificantly.

Equilibrium pressure and temper-
atures for Egs. 2 through 4 (Fig. 5) have
been determined under the condition
that the H,O vapor pressure is equal to
the total pressure acting on the solids. In
the metamorphism of granulite facies,
the H,O vapor pressure may be lower
than the total pressure. The equilibrium

6
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MnO in other minerals
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Fig. 4. Distribution of MnO in coexisting min-
erals in charnockites from Varberg, Sweden:
BI, biotite; CPX, clinopyroxene; OPX, ortho-
pyroxene; and GAR, garnet. The orderly dis-
tribution in all the phases implies a close ap-
proach to equilibrium during metamorphism.
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Fig. 5. Phase diagram showing the possible
pressure-temperature field for the formation
of charnockites. The curves represent the fol-
lowing equilibria: curve 1, critical mixing of
albite and orthoclase; curve 2, tremolite =
diopside + enstatite + quartz + H,O vapor;
curve 3, phlogopite + quartz = orthoclase +
enstatite + H,O vapor; curve 4, orthoclase +
quartz + enstatite + H,O vapor = liquid; and
curve 5, anorthite + quartz + H,0O vapor =
liquid.

temperature for Egs. 2 through 4 would
be higher under such conditions.

The temperature of formation of
charnockites as estimated from pyrox-
ene geothermometry is clearly in con-
formity with the experimental results on
the stability of the mineral assemblages
commonly found in these rocks. The
pressure of formation of the charnock-
ites cannot be very much greater than
that of the reaction of anorthite
(CaAl,Si,Oy), quartz, and water in Eq. 5:

CaAl,Si,Og + SiO, + H,O = liquid melt
(&)

If the H,O vapor pressure is less than the
pressure on the solids, the equilibrium
temperature and pressure would in- -
crease. However, since hydrous phases
such as hornblende and biotite are pres-
ent in many charnockites, the H,O vapor
pressure cannot be too low. The equilib-
rium temperature and pressure in Eq. 5
are also functions of the concentrations
of Na and Ca in plagioclase. Increasing
Na, for example, would shift the equilib-
rium curve to lower pressures. Since
plagioclase in charnockites is commonly
intermediate in composition between
anorthite and albite (NaAlSi,Oy), the
pressure-temperature field for the forma-
tion of charnockites may be delineated
as shown in Fig. 5.

The time-and-space relationship of
charnockites in different parts of the
world is unclear. The few ages of char-
nockites that are available show a range
of 1000 x 10° to 3500 x 10° years. For
example, Polish charnockites are
1250 x 10° to 1350 x 10° years old (22),
whereas Minnesota charnockites are
3500 x 106 years old (23). In at least four
different parts of the world, the char-
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nockites or the associated high-grade
metamorphic rocks of granulite facies
show a close correspondence in age (X
108 years) (14, 24): Adirondacks region
of New York, 1120; eastern India, 1300
to 1520; Podlasie, Poland, 1250 to 1350;
and Sweden and Norway, 900 to 1300.

According to the compilation of Engel
et al. (25), the ages of the rocks of the
granulite facies show a significant modal
class around 1200:10% years ago. It
seems that during this period in the
earth’s history charnockites must also
have recrystallized, and temperatures in
the range of 800° to 900°C were attained
at shallow depths of 6 to 12 km. Such
geothermal gradients of the order of 70°
to 100°C per kilometer would also lead to
the melting of the mantle rocks. The sig-
nificance of the information on the pres-
sure and temperature of formation of
charnockites presented above cannot be
fully realized unless age data on char-
nockites are collected for the different
regions of the world. The age relation-
ships could show whether the formation
of charnockites was due to a global ther-
mal event such as that proposed by Herz
(26) for anorthosite formation or whether
they formed in isolated events unrelated
in space and time.

S. K. SAXENA

Department of Geology,
Brooklyn College, City University of
New York, Brooklyn 11210
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Pituitary Nuclear 3,5,3'-Triiodothyronine and Thyrotropin

Secretion: An Explanation for the Effect of Thyroxine

Abstract. An excellent correlation was observed between nuclear triiodothyronine
(T3) and the ensuing suppression of thyrotropin (TSH) after a single intravenous
injection of Ty to thyroidectomized (hypothyroid) rats. At 1 and 2 hours after injection
of thyroxine (1), in amounts equally potent to the administered T, in terms of acute
suppression of TSH, the same quantities of Ty were found in the pituitary nuclei.
Virtually no nuclear T, was present, and plasma T, was negligible at these short
intervals after T, injection. These results suggest that suppression of TSH release in
hypothyroid rats occurs by interaction of Ts with the nuclear receptor of the thyro-
troph. After T, injection, the T, found in the nucleus is derived from rapid intra-

pituitary monodeiodination.

There is strong evidence supporting
the cell nucleus as the site of initiation of
thyroid hormone action (). The degree
of occupancy of nuclear binding sites by
triiodothyronine (T;) has been correlated
with the quantity of malic enzyme and
mitochondrial a-glycerophosphate dehy-
drogenase in hepatic tissue (I, 2) and
with growth hormone synthesis and inhi-
bition of prolactin secretion in GH, pitui-
tary cells in culture (3). Physiological
studies have indicated that in the liver,
thyroxine (T,) produces its thyromimetic
effect primarily by serving as a source of
T;. Inhibition of the conversion of T, to
T; by 6-n-propyl-2-thiouracil (PTU)
blocks a significant fraction of the hepat-
ic effect of T, ).

Recently, Larsen and Frumess (5) re-
ported comparative studies on the ef-
fects of T; and T, in thyroidectomized
rats. In these experiments, T, (800 ng per
100 g body weight) caused the same de-
gree of acute inhibition of thyrotropin
(TSH) release as rapidly as did T, at 70
ng per 100 g. Interestingly, the serum T,
concentrations in animals injected with
T, increased only minimally into the low
to normal range, contrasting with the
sharp elevation in the animals injected
with T;. In the same experiments, PTU
pretreatment did not block the TSH-sup-
pressive effect of T,. From previous
studies with hepatic nuclear T, receptors
and those from GH, pituitary cells in cul-
ture, it would be assumed that T, binds
to the T, pituitary nuclear receptor with
at most one-tenth the affinity of T; (Z, 6).
Nevertheless, our data, as well as those
of other investigators, could be inter-
preted as showing that T, has a direct in-

hibitory effect on TSH release (7). Alter-
natively, in light of previous studies
demonstrating tracer T, in the anterior
pituitary after injection of tracer T, (8§),
we considered the possibility that T, may
be rapidly monodeiodinated to T, in the
thyrotroph, providing T, directly to the
nuclear receptor. The evidence present-
ed in this report indicates that this, in
fact, occurs, and that suppression of
plasma TSH after either T, or T, in-
jection is correlated both temporally and
quantitatively with the occupancy of the
pituitary nuclear receptor sites by Ts.
To establish a correlation between
pituitary nuclear T; receptor occupancy
and serum TSH, we used the protocol
previously described (5). Thyroidecto-
mized male Sprague-Dawley rats were
allowed several months to become hypo-
thyroid. Either T, (70 ng per 100 g) or T,
(800 ng per 100 g) or both were injected
intravenously with [*°I]T, (specific ac-
tivity, ~ 500 uc/ug) or ['*I]T, (specific
activity, ~ 6000 uc/ug)—I15 and 150 uc
per 100 g, respectively. [**'I]JAlbumin
was injected simultaneously with ['251]T,
to allow corrections for the plasma con-
tribution to tissue radioactivity [(6); see
also (12) below]. All animals received 2
mg of Nal intraperitoneally to dilute the
1251~ pool. Animals were Kkilled at in-
dicated times by aortic exsanguination.
Rats injected with T, were then perfused
with 20 to 25 ml of cold 0.15M NaCl to
minimize trapped plasma in the tissues.
Anterior pituitaries were removed and
weighed, and nuclei were prepared es-
sentially as described elsewhere (9). Re-
covery of pituitary DNA was 6.5 to 7.5
mg/g. The nuclei were intact and uncon-
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