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ABSTRACT 

Rb/Sr and 40 Ar/39 Ar isotopic age data for rocks and minerals of the Songo pluton are presented. The whole 
rock Rb/Sr isotopic data for the hornblende- and sphene-bearing phase of the Songo pluton is interpreted to date 
the crystallization of the pluton at 382±34 Ma. The scatter of Rb/Sr data on whole rock isochron diagrams and 
young 40 Ar/39 Ar ages (303-305 Ma) with disturbed release spectra for hornblendes are attributed to a heating event 
related to the intrusion of the two-mica granite of the Sebago batholith. 40 Ar/39 Ar release spectra for biotites all 
define plateau ages in the range of 247-256 Ma and are interpreted to indicate regional cooling through the biotite 
closure temperature in response to regional uplift and erosion at that time. 

INTRODUCTION 

It has recently become apparent that anatexis of the lo wer 
crust can be expected in regions with thickened continental crust 
because of the combined effect of added heat production and the 
insulating properties of crustal rocks (Thompson and England, 
1984; De Yoreo et al., in press). This endothermic process can 
modify the steady state geotherm and also provide the oppor
tunity for heat transfer via convective as well as conductive 
processes. Furthermore, conductive heat transfer may be of 
paramount importance in producing the metamorphism charac
teristic of low-P metamorphic terranes (Lux et a l. , 1986; Barton 
e t al., in press; Lux, 1986). In such terranes, granitic magmas 
may serve as transient heat sources that drive low-P metamor
phic reactions and are therefore the key to understanding the 
thermal evolution of such regions. 

effect ively date distinct episodes of low-P metamorphism. (2) 
The thermal anomaly related to the emplacement of plutons is 
truly transient as plutons, unless of extraordinary volume, cool 
rapidly to the local ambient temperature. (3) Isotopic ages for 
minerals may date either the crystallization age of a pluton, 
regional cooling related to e rosion and uplift, or cooling follow
ing a later heating event. 

If magmatic heat transfer is indeed the primary process by 
which low-P metamorphic belts are produced, the following 
statements are true. (1) Crystallization ages for plutonic rocks 

Mineral ages can provide several d ifferent types of valuable 
information. In the event that 40 Ar/39 Ar ages for minerals wi th 
markedly different closure temperatures agree, very rapid cool
ing rates are implied for the init ia l stages of cooling, and there
fore mineral ages effectively date the formation of the pluton. In 
addition, they clearly demonstrate that the ambient temperature 
at the time of emplacement of the pluton was lower than the 
closure temperature for the mineral with the lowest concordant 
age. This information can be used to estimate the geothermal 
gradient at the time the pluton was emplaced, assuming the depth 
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of emplacement of the pluton can be determined independently. 
Alternatively, if all mineral ages are discordant, they must be 
interpreted with caution and without further information, can 
only be interpreted as the time of last cooling through their 
closure temperature. In this case two alternatives exist. They 
may represent the time of regional cooling, which is a function 
of uplift and erosion or they may represent cooling following a 
later thermal event. 

Given the applications of such geochronological studies in 
elucidating thermal conditions, the Songo pluton was chosen for 
study. Isotopic dating was undertaken using the Rb-Sr whole 
rock isochron method in order to determine the age of crystal
lization of the pluton. Furthermore, 40 Ar/39 Ar isotopic ages 
were determined for both hornblende and biotite from the pluton 
in an attempt to determine the post-crystallization thermal his
tory of the region. 

The Songo pluton is located within the regional low-P 
terrane of western Maine on the NW limb of the Kearsarge
central Maine synclinorium (Fig. 1). It crops out over some 300 
km

2
, primarily in the Bethel and Bryant Pond 15' quadrangles. 

Since it was initially mapped (Fisher, 1962; Guidotti, 1965), it 

has been recognized as one of the New Hampshire Magma Series 
plutons which are characterized as a suite of generally non
foliated plutons that range in composition from intermediate to 
granitic (Billings, 1956). 

Several lines of evidence exist which constrain the age of 
the Songo pluton. The Songo pluton is discordant and intrudes 
metasedimentary rocks that are Silurian to Devonian in age. The 
youngest stratigraphic unit cut by the Songo pluton is a 
metapelite that is locally metamorphosed to K-feldspar + sil
limanite grade and is believed to be of Gedinnian age. This age 
designation is based on correlation with the Carrabassett Forma
tion which is lithologicalJy similar and is laterally continuous 
(Osberg et al., 1985). The Songo pluton is itself intruded by a 
younger granite, the Speckled Mountain quartz monzonite 
which is the northern extension of the Sebago batholith (Guidot
ti, 1965), and by numerous aplite and two mica granite dikes, 
and pegmatites. Previous geochronological investigations by 
both the Rb/Sr whole rock isochron and U/Pb zircon methods 
have established the crystallization age of the Sebago batholith 
as being between 325 and 336 Ma (Aleinikoff et al., 1985; 
Hayward, 1989). Thus, on the basis of these relationships, the 
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Figure I. Map of the Songo pluton, western Maine showing the localities of biotites samples and their ages. The localities labeled 
256, 256, and 253 are the hornblende localities. 
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formation of the Songo pluton is restricted to the time period 
Gedinnian to 325 Ma (approximately the end of the Mississip
pian period). 

Some isotopic data exists which supports a middle 
Devonian age for the Songo pluton. Lux and Aleinikoff (1985) 
suggested that the Songo pluton had an age of about 382 Ma 
based on U/Pb isotopic age determinations for zircons. How
ever, the data are discordant and are difficult to interpret. The 
discordance could be the result of either loss of radiogenic Pb or 
incorporation of an inherited Pb component. In either case there 
is sufficient doubt in the age to warrant further isotopic dating. 

The Songo pluton is principally composed of medium 
grained equigranular granodiorite and quartz diorite (Guidotti et 
al., 1986; Gibson and Lux, this volume). It is generally non
foliated, but has a distinct biotite foliation or intense composi
tional banding at some localities. Enclaves that appear to have 
both igneous and sedimentary textures are present, but are not 
common. Two distinct petrographic varieties of granodiorite are 
recognized (Fig. I). One is characterized by the presence of 
biotite (with distinctly green pleochroism) and sphene, ± 
hornblende (hereafter referred to as BHS granodiorite). The 
second type lacks both hornblende and sphene. Biotites of this 
variety are characterized by a distinctive red-brown pleochroism 
(hereafter biotite granodiorite). More extensive petrographic 
descriptions of these varieties are given by Gibson and Lux (this 
volume). 

The Songo pluton lacks a distinct metamorphic contact 
aureole as all of the nearby country rocks are at K-feldspar + 
sillimanite grade and pegmatites and migmatites are common 
(Guidotti, 1963). The age of this metamorphism has tradition
alJy been linked with the Acadian orogeny (Holdaway et al., 
1982; Guidotti et al., 1983). However, it has recently been 
suggested that this metamorphism is Carboniferous in age and is 
related in time and space to the emplacement of the Sebago 
batholith, the metamorphism being essentially "regional" con
tact metamorphism (Lux and Guidotti , 1985; Lux et al. , 1986; 
Aleinikoff et al., 1985). 

ANALYTICAL METHODS 

Samples were passed through a jaw crusher and a disk 
grinder in order to disaggregate the sample. Each sample was 
then sieved in order to create favorable grain size fractions which 
contained a majority of the sample as individual rather than 
composite grains. The -60+80 standard sieve mesh fraction was 
used for biotite separations and the -100+120 fraction was used 
for hornblende separations. Standard techniques were employed 
to produce biotite and hornblende separates with an estimated 
purity of >99.9%. The mineral samples were encapsulated in 
aluminum foil , sealed in silica glass vials, and irradiated. Most 
were irradiated at the nuclear reactor of the Phoenix Memorial 
Laboratory at the University of Michigan. Others were ir
radiated at the U.S. Geological Survey TRIGA reactor in Denver, 
Colorado following previously established procedures (Dal-

rymple et al. , 1981 ). An intralaboratory mineral standard, 
MMhb-1 (Alexander et al., 1978), was used as the irradiation 
monitor. Samples were heated in a molybdenum crucible within 
an ultra-high vacuum Ar extraction system using radio frequency 
induction heating. Extraction temperatures were estimated 
using an optical pyrometer and uncertainties are estimated to be 
±50°C. A molecular sieve desiccant, CuCuO getter, and Zr-Al 
getter cartridge were used to purify the inert gases extracted from 
the samples. The isotopic composition of Ar was determined 
using an automated Nuclide 6-60-SGA 1.25 mass s~ectrometer. 
All data are extrapolated to inlet time values and 7 Ar is cor
rected for decay during the time interval between irradiation and 
analysis. Corrections are made for all interfering isotopes 
produced during irradiations (Dalrymple et al., 1981) using a 
correction factor determined from irradiated K and Ca salts. 

Individual ages and uncertainties (two sigma) were calcu
lated using equations given by Dalrymple et al. (1981). The 
criteria that were used for determining plateaus were those of 
Fleck et al. ( 1977), and the critical value test of Dalrymple and 
Lanphere ( 1969) was used to test for concordance between 
increments. The total gas age ~g) represents a weighted average 
based on the total amount of 3 Ar in each increment. A plateau 
age (tp) is the mean of the ages deemed to be concordant. 
Associated uncertainties represent two standard deviations plus 
an uncertainty in the J-value (estimated at 0.5%). 

The Rb-Sr analyses were carried out at the Isotope Geology 
Unit, Scottish Universities Research and Reactor Centre 
(SURRC), East Kilbride, Scotland. Approximately 30 mg of 
whole rock powder were used to determine the 87 Srf 6Sr ratios 
and Sr and Rb concentrations by isotope dilution. Following 
HF+HN03+HCI dissolution of spiked samples, Rb and Sr were 
separated by conventional cation-exchange chromatography. 
Isotopic compositions were analyzed on a Vacuum Generators 
lsomass 54E mass spectrometer with 87 Srf 6Sr ratios normalized 
to 86Srf8Sr = 0.1194. The NBS 987 87 Sr/86Sr ratio in the 
SURRC laboratory is 0. 71027 ± 0.0000 I. 

All of the decay constants and isotopic composition of Kare 
those of Steiger and Jager ( 1977). 

ANALYTICAL RESULTS 

87 Srf6Sr and 87Rbf 6Sr ratios for eight whole rock samples 
from the BHS granodiorite and five samples of the biotite 
granodiorite are given in Table I. The results are presented on 
isochron diagrams in Figures 2a and 2b. The samples of the BHS 
granodiorite define a best fit line whose slope corresponds to an 
age of 382±34 Ma with an 87Srf 6Sr initial ratio of 
0.70528±0.00015 (Fig. 2a). Samples of the biotite granodiorite 
are shown in Figure 2b along with a reference isochron and have 
not been used for the age determination. The excessive scatter 
(M.S. W.D. = 28.07) of these data will be discussed below. 

Three hornblendes and twelve biotites were analysed by the 
40 Ar;39 Ar incremental heating technique and the results are 
presented in Tables 2 and 3. 
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TABLE I. ANALYTICAL DATA FOR 13 WHOLE ROCK SAMPLES. 
The concentration of Rb and Sr are given in parts per million and both 

87Rbf6Sr and 87Sr are atomic ratios. Samples with an asterisk are from the 
biotite granodiorite. 

Sample# Rb(ppm) Sr(ppm) 87Rb/ 86Sr 87Srf 6Sr 

SG-15 88.69 1048.9 .24463 .7067 1 
SG-1 125.2 588.9 .61510 .70852 
SG-2 117.5 493.2 .68960 .70916 
SG-3 161.8 621.9 .75301 .70960 
SG-10 111.1 608.6 .52838 .70817 
SG-19 109.2 618.5 .51087 .70796 
SG-20 110.5 769.9 .41510 .70742 
SG-6 193.4 567.1 .98694 .71053 
SG-5* 104.7 594.0 .50989 .70795 
SG-40* 107.9 459.9 .67867 .70877 
SG-11 * 94.56 499.8 .54755 .70908 
SG-9* 120.6 639.0 .54604 .70853 
SG-16* 120.8 546.9 .63909 .71022 

The biotites are all characterized by nearly undisturbed 
release spectra (Fig. 3). In each case the initial heating steps have 
young ages relative to the plateau ages (tp) that are defined by 
each release spectra. The tp of each sample is in agreement with 
the total gas age (tg) within the limits of analytical uncertainty. 
We accept the tp ages as the best estimate of the time of last 
cooling through the closure temperature (Tc), the temperature at 
which the kinetics of Ar diffusion become sufficiently slow such 
that Ar loss effectively ceases. 

The tp for biotites range from 247±2 to 256±3 Ma. It is of 
interest to note that not all of the biotite ages agree within the 
limits of analytical uncertainties. Instead, the data can be viewed 
as two distinct groups in which all of the ages are concordant. 
Samples 82-52, 82-55, and 82-56 form one group in which the 
ages vary between 253 and 256 Ma with a mean of 255±3 Ma. 
These are all from the BHS granodiorite. The remaining nine 
biotites have an age range of 247 to 250 Ma, mean 248±2 Ma, 
and come from the biotite granodiorite. 

In contradistinction to the biotites, the three hornblende 
samples have somewhat disturbed release spectra that reflect the 
heterogeneous internal distribution of 40 Ar. The release spectra 
for each of the hornblendes (Fig. 4) are similar and are charac
terized by the following features: (l) the initial increments have 
anomalously high apparent ages which greatly exceed the known 
crystallization age of the pluton. (2) These anomalously old ages 
are followed by a small dip in the release spectra. This is 
particularly well defined in sample 82-52 which has several 
increments in the range of 282-289 Ma (Fig. 4). (3) A majority 
of the Ar released from each sample defines a plateau in which 
successive increments have concordant apparent ages. These tp 
ages are 303, 304, and 305 Ma and average 304±2 Ma. This is 
the best estimate of the time of cooling through the Tc for 
diffusive loss of Ar in hornblende. (4) Finally, each sample has 
an abrupt gradient followed by several increments with distinctly 
higher apparent ages in the range of 310-316 Ma. 
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Figure 2. 87Rbf 6Sr versus 87Srf 6Sr diagrams for whole rock samples 
of the Songo pluton. The upper diagram (a) gives the whole rock data 
for those samples of the BHS granodiorite phase only. The sloi8e of the 
best fit line corresponds to an age of382±34 Ma with an initial Sr/'6sr 
ratio of .70528±0.00002 (MSWD = 40.53). Note the considerable 
scatter of data points representing the biotite granodiorite (b) relative to 
the reference isochron from the BHS granodiorite data. 

Another useful parameter in interpreting hornblende release 
spectra is the K/Ca ratio which can be determined as a by-product 
of the age determinations (Dalrymple et al., 1981). The K/Ca 
ratio is constant in each of these hornblendes after the first few 
increme nts (Table 2), indicating that the samples were 
homogeneous. 

DISCUSSION 

The geochronological data presented above raise important 
questions regarding the age and subse~uent cooling history of 
the Songo pluton. The 87Rb;86sr and 8 Sr;86sr whole rock data 
from the BHS granodiorite have some scatter about the best fit 
line (Fig. 2a). This random scatter could be the result of initial 
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TABLE 2. 40Art39Ar ANALYTICAL DATA FOR HORNBLENDES FROM THE SONGO PLUTON. MOLES OF 39Ar ARE X 10·14_ APPARENT 
AGES ARE IN 10

4 
YEARS. 

TEMP 40Ar 37 Ar 36Ar MOLES %39Ar %40Ar K/Ca APPARENT 
oc 39 Ar 39- 39- 39 Ar AGE Ar Ar 

82-S2 J =0.009133 

soo 199.60 l.9Sl 0.2913 1.7 0.1 S6.7 0.2S 1286 ±91 
6SO 70.46 1.223 0.174S 3.S 0.2 26.8 0.40 289 ± 82 
7SO 3 l .S71 0.0494 4.9 0.3 S6.2 0.31 287 ±IS 
8SO 29.79 3.9S6 0.0394 11.8 0.7 61.0 0.12 282 ± 9 
93S 21.19 4.03S 0.0059 115.8 6.8 91.8 0.12 300 ± 4 
96S 20.85 3.973 0.0037 173.4 10. l 94.8 0.12 30S ± 4 
980 20.90 3.957 0.0036 155.5 9.1 94.9 0.12 305 ± 4 
995 20.68 3.950 0.0030 215 .2 12.6 95.7 0.12 305 ± 4 
10!0 21.01 3.948 0.0037 168.6 9.8 94.8 0.12 307 ± 4 
1025 20.63 3.929 0.002S 314.1 18.3 96.4 0.12 306 ± 4 
1040 2 1.12 3.920 0.0031 110.4 6.S 95.7 0.13 311 ± 4 
105S 2l.3S 3.919 0.0031 82.8 4 .8 9S.7 0.13 314 ± 4 
1080 2 1.39 3.931 0.0029 93.2 5.4 96.0 0.12 315 ± 4 
1100 2 1.42 3.975 0.0028 99.4 5.8 96.2 0.12 316 ± 4 
FUSE 21.41 3.963 0.0031 162.7 9.5 95.8 0.12 315 ± 4 

TOTAL 1713.0 309 

PLATEAU AGE 305 ± 2 

82-SS J = 0.006153 

825 136.30 2.879 0.2604 4. 1 0.3 43.5 0.17 564 ± 16 
940 160.10 2.193 0.3822 3.5 0.3 29.4 0.22 461 ±26 
995 89.32 2.148 0.1952 4.5 0.3 35.4 0.16 324 ± 10 
1025 36.67 3.820 0.0258 31.9 2.4 79.2 0.13 300 ± 5 
1045 32.91 3.786 0.0146 98 .0 7.3 86.9 0.13 296 ± 4 
JOSS 31.48 3.735 0.0073 145.3 10.8 93.2 0.13 303 ± 4 
1070 3 1.00 3.720 0.0057 187.4 13.9 94.6 0. 13 303 ± 4 
1080 60.75 3.709 0.0048 209.2 15.5 95.4 0. 13 303 ± 4 
1090 30.66 3.7 10 0.0047 220.0 16.3 95.5 0.13 302 ± 4 
1100 30.98 3.703 0.0054 190.4 14.1 94.9 0.13 303 ± 4 
1105 32.29 3.708 0.0088 66.4 4.9 91. I 0.13 306 ± 4 
1110 31.96 3.724 0.0074 65.5 4.8 93.2 0.13 307 ± 4 
1125 32.43 3.760 0.0077 52.4 3.9 93.0 0.13 3 10 ± 4 
FUSE 32.29 3.835 0.0064 73.2 5.4 94.1 0.13 313 ± 4 

TOTAL 135 1.6 305 

PLATEAU AGE 303 ± 4 

82-56 J =0.005804 

750 579.5 4.258 0.6 103 0.2 0.1 48.6 0.02 2 168 ± 76 
825 149.8 2.342 0.0181 0.6 0.1 56.9 0.23 I IOI ± 9 
890 229.7 1.696 0.6255 l.3 0.1 16.3 0.32 419 ± 9 
940 69.72 l.712 0. 11 94 1.5 0.2 3 1.7 0.32 330 ± 6 
98S 49.68 3.113 0.0637 2.2 0.3 40.3 0.1 7 300 ± 3 
1000 42.96 3.826 0.0383 2.3 0.3 46.S 0. 14 308 ± 5 
101 0 36.17 4.049 0 .0 170 5.7 0 .7 67.4 0.13 303 ± 3 
1040 33.27 3.909 0.007 1 34.8 3.9 89.9 0.14 303 ± 3 
!070 32.38 3.766 0.0038 209.6 23 .7 95.7 0.14 304 ± 3 
1085 31.67 3.727 0.0008 287.7 32.4 97.6 0. 14 306 ± 3 
1100 3 1.8 1 3.697 O.OOOS 189.6 21.5 97.5 0.14 310 ± 3 
1110 32.79 3.733 0.0022 6 1.5 7.0 96.1 0.14 3 12 ± 3 
111 5 32.77 3.715 0.0023 21.S 2.4 9 1.0 0.14 311 ± 3 
FUSE 34.44 3.891 0.078S 66.3 7.5 91.7 0.1 4 3 12 ± 3 

TOTAL 873.7 3 11 

PLATEAU AGE 304 ± 4 
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TABLE 3. 40Ar/39Ar ANALYTICAL DATA FOR BIOTITES FROM THE SONGO PLUTON. MOLES OF 39Ar ARE X 10'14
. APPARENT AGES 

ARE IN 104 YEARS. 

TEMP 40Ar 37Ar 36Ar MOLES %39Ar %40Ar K/Ca APPARENT 
oc 39Ar 39- 39Ar 39Ar AGE Ar 

BP-I J = 0.005236 

350 29.56 0.0843 0.0368 4.7 0.3 63.2 6 168 ± 6 
450 28.64 0 .0080 0.0043 183.0 13.3 95.5 65 242 ± 2 
650 28.39 0 .0018 0.00 11 529.0 38.6 98.9 289 247 ± 2 
FUSE 28.72 0.0081 0.0012 656.0 47.8 98.7 64 250 ± 3 

TOTAL 1372.7 247 

PLATEAU AGE 249 ± 4 

82-48 J =0.009361 

465 19.61 0.3375 0.0352 14.9 0.5 47.0 I ISO± 13 
625 15.86 0.0049 0.001 1 832.0 30.3 97.9 100 245 ± 3 
730 16.40 0.0080 0.0010 275. 1 10.0 98.1 6 1 248 ± 3 
890 16.32 0.03 19 0.0008 175.0 6.4 98.6 15 253 ± 5 
980 15.90 0.0263 0.0008 716.0 26.0 98.5 19 247 ± 3 
1100 15.98 0.0461 0.0006 406.0 14.8 98.8 11 247 ± 3 
1175 15.88 0.1154 0.0008 309.0 11.2 98.5 4 247 ± s 
FUSE 20.49 0.4952 0.0162 21.5 0.8 76.7 248 ± 5 

TOTAL 2749.4 246 

PLATEAU AGE 247 ± 2 

82-49 J = 0.009373 

465 76.19 0.1553 0.2481 2.1 0.1 3.8 3 48 ± 70 
625 17.74 0.0584 0.0140 42.l 1.6 76.7 8 217 ± 6 
730 16.71 0.0043 0.0032 273.7 10.6 94.3 115 248 ± 3 
890 15.92 0.0020 0.0007 752.0 29.2 98.8 246 248 ± 3 
995 16.41 0.0130 0.0017 206.7 8.0 96.9 38 25 1 ± 4 
1100 16.10 0.0105 0.0008 47 1.7 18.3 98.5 47 250 ± 3 
1175 15.96 0.0113 0.0007 683.8 26.5 98.7 43 248 ± 3 
FUSE 16.98 0.0393 0.0034 145.8 5.7 94.0 12 252 ± 5 

TOTAL 2577.9 248 

PLATEAU AGE 250 ± 4 

82-50 J = 0.009218 

465 20.41 0.0623 0.0425 12.2 0.4 38.5 8 126 ±32 
600 16.60 0.0029 0.0025 332.S 11.7 95.5 167 246 ± 3 
730 16.08 0.0017 0.0005 767.7 27.0 99.2 28 1 247 ± 3 
900 16.41 0.0031 0.0009 348.3 12.2 98.4 159 250 ± 3 
980 16.22 0.0022 0.0006 537.5 18.9 98.9 22 1 249 ± 3 
1065 16.09 0.0019 0.0005 635.3 22.3 99.1 255 247 ± 3 
1175 16.35 0.0119 0.0010 194.2 6.8 98.2 41 249 ± 4 
FUSE 2 1.49 0.0231 0.0204 17.3 0 .6 72.0 2 1 240 ± 13 

TOTAL 2845.0 247 

PLATEAU AGE 249 ± 4 
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TABLE 3. CONTINUED. 

TEMP 40Ar 37 Ar 36Ar MOLES %39Ar %40Ar K/Ca APPARENT 
oc 39Ar 39- 39Ar 39 Ar AGE Ar 

82-51 J = 0.009328 

465 42.81 0.6546 0. 1329 3.7 0.1 8.3 I 60 ±5 1 
650 16.90 0.0024 0.0042 261.5 8.8 92.6 203 246 ± 4 
730 16.01 0.0014 0.0008 552.3 18.7 98.5 342 247 ± 3 
890 16.05 0.00 16 0.0012 467.3 15.8 97.7 314 246 ± 3 
995 16.38 0.0027 0.0019 254.6 8.6 96.7 181 248 ± 4 
I090 15.83 0.0004 0.0005 1097.7 37.1 99.0 1287 246 ± 3 
1175 16.14 0.0087 0.0009 298.7 10.1 98.3 56 249 ± 3 
FUSE 19.66 0.0156 0.0130 26.2 0.9 80.4 31 248 ± 24 

TOTAL 2962.0 247 

PLATEAU AGE 247 ± 4 

82-53 J = 0.009331 

465 76.81 0.1769 0.2525 4.0 0.2 2.9 3 37 ±42 
650 17.04 0.0203 0.0073 171.6 6.7 87.3 24 234 ± 3 
730 16.18 0.0031 0.0015 422.8 16.6 97.2 160 247 ± 3 
890 16.04 0.0044 O.OOIO 469.6 18.4 98.2 112 247 ± 3 
980 16.34 0.0102 0.00 19 271.8 10.7 96.6 48 248 ± 3 
1090 16.02 0.0086 0.0008 494.8 19.4 98.5 57 248 ± 3 
FUSE 15.95 0.0132 0.0005 7 15.2 28.1 99.0 37 248 ± 3 

TOTAL 2550.0 246 

PLATEAU AGE 248 ± 2 

82-54 J = 0.009268 

520 16.73 0.0052 0.0064 237.5 8.1 88.8 95 233 ± 4 
625 16.08 0.0018 0.0014 628.2 2 1.5 97.4 267 245 ± 4 
730 16.03 0.0024 0.0006 496.5 17.0 98.9 203 247 ± 3 
890 16.31 0.0032 0.00 15 163.3 5.6 97.3 153 247 ± 4 
995 16.42 0.0059 0.0020 14 l.6 4.8 96.5 83 247 ± 3 
1090 16.04 0.0022 0.0009 507.0 17.3 98.4 219 246 ± 3 
1175 16.10 0.0038 0.0009 391.5 13.4 98.3 130 247 ± 3 
FUSE 16.33 0.024 1 0.0015 357.9 12.2 97.3 20 248 ± 4 

TOTAL 2923.4 245 

PLATEAU AGE 247 ± 3 

82-52 J = 0.00938 1 

520 16.52 0.0251 0.0071 136.6 5.7 85.9 29 225 ± 4 
600 16.80 0.0046 0.0017 3 17.5 13.3 97.0 106 257 ± 3 
730 16.38 0.0030 0.0006 5 19.0 21.8 99.0 161 255 ± 3 
890 16.84 0.0078 0.0019 160.9 6.7 96.7 63 257 ± 4 
1010 16.5 l 0.0193 0.0007 724.6 30.4 98.7 25 257 ± 3 
1100 16.36 0.0156 0.0008 447.6 18.8 98.7 31 254 ± 3 
1175 17.23 0.0410 0.0026 70.3 3.0 95.6 12 259 ± 4 
FUSE 43.10 0.0191 0.0924 9.3 0.4 36.7 26 249 ± 23 

TOTAL 2385.7 254 

PLATEAU AGE 256 ± 4 
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TABLE 3. CONTINUED. 

TEMP 40Ar 37 Ar 36Ar MOLES %39Ar %40Ar K/Ca APPARENT 
oc 39-

Ar 
39-

Ar 
39-

Ar 39 Ar AGE 

82-55 J =0.010316 

400 17.06 0.0722 0.0498 13.1 0.5 13.7 7 43 ±33 
580 15.22 0.0093 0.0061 306.3 11.6 88.1 53 234 ± 4 
700 14.98 0.0033 0.0010 654.3 24.8 98.1 147 255 ± 4 
870 15.36 0.0105 0.0018 377.5 14.3 96.6 47 257 ± 4 
970 15.10 0.03 18 0.0011 661.1 25.0 97.9 15 256 ± 3 
1050 15.05 0.0686 0.0008 512.l 19.4 98.4 7 257 ± 3 
1100 15.65 0.0628 0.0029 92.9 3.5 94.6 8 256 ± 4 
FUSE 20.68 0.1269 0.0204 23.5 0.9 70.9 4 254 ± 16 

TOTAL 2640.8 252 

PLATEAU AGE 256 ± 4 

82-56 J =0.010656 

450 20.29 0.1479 0.0641 15.4 0.7 6.7 3 26 ±74 
580 14.46 0.0113 0.0036 247.9 10.6 92.7 43 241 ± 4 
700 14.45 0.0028 0.0011 220.l 9.4 97.7 178 253 ± 4 
875 14.44 0.0047 0.0011 760.9 32.6 97.8 104 253 ± 3 
975 14.42 0.0136 0.0008 501.6 21.5 98.3 36 254 ± 3 
1050 14.42 0.0316 0.0009 388.9 16.7 98.1 15 253 ± 3 
1100 14.64 0.0434 0.0017 175.9 7.5 96.6 II 253 ± 4 
FUSE 20. 12 0.1324 0.0206 21.5 0.9 69.8 4 252 ± 7 

TOTAL 2332.2 250 

PLATEAU AGE 253 ± 3 

84-13 1 =0.004850 

8 15 32.08 0.0078 0.0094 152.1 19.6 91.3 63 240 ± 3 
870 31.29 0.0019 0.0040 182.7 23.6 96.2 254 246 ± 3 
960 32.24 0.0123 0.0052 IOI.I 13.0 95.2 40 250 ± 3 
985 31.60 0.0134 0.0032 129.3 16.7 97.0 37 250 ± 3 
1040 31.37 0.0150 0.0036 137.2 17.7 96.6 33 247 ± 3 
FUSE 32.97 0.0178 0.0089 72.3 9.3 92.0 27 248 ± 3 

TOTAL 774.6 246 

PLATEAU AGE 248 ± 5 

84-15 1 =0.004855 

800 35.32 0.0465 0.0229 5.9 0.8 80.8 II 234 ± 18 
880 31.83 0.0035 0.0051 166.2 22.4 95.3 141 248 ± 3 
960 31.79 0.0039 0.0043 131.0 17.6 96.0 127 249 ± 3 
985 33.03 0.0032 0.0083 147.2 19.8 92.6 151 250 ± 3 
1035 31.04 0.0050 0.0020 225.9 30.4 98.l 98 249 ± 3 
FUSE 32.48 0.0049 0.0076 66.7 9.0 93.l 100 250 ± 5 

TOTAL 742.9 249 

PLATEAU AGE 249 ± 3 
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Figure 3. 40 Ar/39 Ar release spectra for twelve biotites samples are presented. The scales for each spectrum are as shown at the lower 
left hand corner. Jn each case the total gas age (tg) agrees with the plateau age (tp) and these can be found in Table 3. The spectra all 
define ages of about 250 Ma and suggest cooling through the biotite closure temperature at about that time. 

variation in 87srt86sr or alternatively could result from a period 
of open system behavior at some time following initial crystal
lization. 

The Rb/Sr isotopic data used for the age determination 
comes only from samples of the BHS granodiorites. The five 
data points for the biotite granodiorites have additional scatter 
beyond that shown by the former type (Fig. 2b). We feel that 
thi s additional scatter is a function of Rb and Sr mobility during 
a period of open system behavior. 

The two petrographic varieties of the Songo pluton have an 
interesting spatial relationship which may provide insight to the 
nature of the disturbed Rb/Sr systems. The BHS granodiorites 
are largely restricted to the northern part of the pluton and the 
biotite granodiorites are observed in the southern part (Fig. I ). 
Jn general, the latter separates the former from the two-mica 
g ranite of the Sebago batholith. This spatial relationship, in 
addition to several lines of evidence (Gibson and Lux, this 
volume), suggests that this may be a cause and effect relation
ship. 

Geologic relationships only restrict the age to the interval 
Middle Devonian through Mississippian, and unfortunately the 

new Rb/Sr isotopic age determination, 382±34, does not sig
nificantly improve the situation. However, it does support the 
382 Ma zircon age of Lux and Aleinikoff ( 1985). The data also 
support the idea that the Songo pluton is a member of the New 
Hampshire Magma Series as are other hornblende-bearing 
granodiorites of western Maine, including the Mooselook
meguntic, Hartland, Big Island Pond, Spider Lake, Chain of 
Ponds, and Umbagog plutons. 

Isotopic age determinations for the two-mica grani tes of the 
Sebago batholith demonstrate that they are much younger, 
having crystallized about 325 to 336 Ma ago (Aleinikoff et al., 
1985; Hayward, 1989). The recognition that the largest batholith 
in New England is Carboniferous rather than Devonian in age 
led to the suggestion that much of the metamorphism in the 
vicinity of the Sebago batholith was also Carboniferous in age 
with the former being the heat source for the metamorphism (Lux 
and Guidotti , 1985; Aleinikoff et al. , 1985). However, it is still 
not clear how K-feldspar + sillimanite grade metamorphism, 
which occurs ten to twenty kilometers away from the exposed 
contacts of the batholith, could be caused by heat from the 
Sebago granites. 
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Figure 4. 40 Arf9 Ar release spectra for three hornblende samples. The 
vertical and horizontal scales are the same on each age spectrum. 
Cooling through the closure temperature for Ar loss in hornblende 
occurred at about 304 Ma for all samples. 

Modest topographic relief in the region precludes direct 
evidence bearing on the three-dimensional shape of the Sebago 
batholith. However, indirect observations of the shapes of 
plutons in western Maine and New Hampshire have been made 
through gravity surveys and modeling by Nielson et aJ. ( 1976), 
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Kane and Bromery (1968), Carnese (1981), and Hodge et al. 
( 1982). Their data show that plutons outside the New England 
high-grade metamorphic zone of western Maine often have 
marked negative gravity anomalies, suggesting that the plutons 
extend to significant depths and are rather equant in shape. 
Those plutons within the high-grade metamorphic zone lack 
significant gravity anomalies and appear to have the geometry 
of thin tabular sill-like bodies. Their gravity models suggest that 
many of the sill-like plutons dip northeasterly at a low angle (2-4 
degrees) and extend far beyond their surface contacts (Nielson 
et al., 1976; Camese, 1981; Hodge et al., 1982). This pluton 
geometry means that areas of high-grade metamorphism 10-20 
km from the surface contact with a pluton may actually lie within 
1 km of the contact with a pluton at depth. Therefore the sill-like 
plutons within the high-grade metamorphic zone are probable 
heat sources for much of the low-P metamorphism. See Lux et 
al. (1986) and De Yoreo et al. (in press) for a more complete 
discussion. 

The extent and nature of the Carboniferous metamorphism 
surrounding the Sebago batholith have been outlined elsewhere 
(Guidotti et al., 1986; Guidotti, 1989; Lux and Guidotti, 1985). 
Some of the important features of this metamorphism found in 
the area north and northeast of the Sebago batholith include: (1) 
the zone of K-feldspar + sillimanite metamorphism; (2) exten
sive development of migmatites; and (3) intrusion of numerous 
rare mineral pegmatites. Numerous small granite dikes and 
other intrusive bodies are found throughout this same area 
(Guidotti, J 965; Fisher, 1962). The Songo pluton is also located 
within this zone of Carboniferous high-grade metamorphism and 
therefore must have experienced those same high-grade 
metamorphic conditions. Metamorphic transformations within 
the granodiorite are not particularly apparent because the 
mineral assemblages of the granodiorite were essentially stable 
at the P-T conditions of metamorphism. However, it is likely 
that much of the biotite foliation and intense mineral banding 
observed in the Songo pluton resulted from open system 
metamorphism related to the intrusion of the Sebago granites 
(Gibson and Lux, this volume). 

We conclude that the scatter of the Rb/Sr data for the Son go 
pluton, especially that for the biotite granodiorite, is related to 
the intrusion of the Sebago two-mica granite as was the regional 
K-feldspar + sillimanite metamorphism, intrusion of rare 
mineral pegmatites, and possibly metamorphism of parts of the 
Songo pluton itself. 

Further evidence that the Sebago batholith has caused a 
thermal disturbance of the region comes from the 40 Ar/39 Ar 
results of the hornblendes from the Songo pluton. 40 Ar/39 Ar 
ages for hornblende are considerably younger than the crystal
lization age for the Songo pluton and therefore require either that 
the ambient temperature at the time of emplacement of the Son go 
pluton was well above the Tc for hornblende and regional cooling 
in response to uplift and erosion was very slow, or that the K-Ar 
isotopic system of hornblendes was reset at a later time sub
sequent to the emplacement of the Songo pluton. 
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Arguments presented above demonstrate that the tempera
ture of the Songo pluton was raised well above the closure 
temperature for Ar diffusion in hornblende at the time of in
trusion of the Sebago batholith. Hence, whether the hornblendes 
had previously closed to Ar loss and subsequently opened or had 
never closed is impossible to say based on release spectra alone. 
Two lines of evidence suggest that the former is more likely. 

Firstly, the closure temperature for hornblende, even at very 
slow cooling rates, is on the order of 500°C (Harrison, 1981). 
Mineral assemblages in the abundant pelitic schists around the 
Songo pluton provide no evidence to suggest that kyanite was 
ever a stable phase and thus the maximum burial of the region is 
restricted to pressures of the alumino-silicate triple point, about 
14 km depth, or lower (Holdaway, 1971 ). Geobarometry of 
Holdaway et al. ( 1986) estimate a maximum pressure of3.9 kbar 
forthe region north of the Sebago batholith during Carboniferous 
time. For the hornblende ages to be the result of slow cooling, 
a minimum average geothermal gradient of about of 36°C/km, 
or about twice the present day New England geothermal gradient 
(Birch et al., 1968), would have been required during the time 
interval 382 to 304 Ma. Due to the convex nature of the 
geotherm, the near surface gradient would have been even 
greater. This is a tremendous energy requirement. Furthermore, 
if that gradient extended to greater depths, conditions for crustal 
melting (i.e. temperatures> saturated granite solidus) would be 
widespread at depths greater than 20 km. Almost all of the 
granites of the Kearsarge-central Maine synclinorium of western 
Maine, New Hampshire, and Massachusetts have been inter
preted as being intrusive and are not the products of in situ 
melting, though many are peraluminous and most likely 
originated in the crust. Nonetheless, their intrusive nature argues 
against the high thermal gradients required above. 

The second line of evidence comes from the release spectra. 
In the description of the release spectra given above it was shown 
that an age gradient was found in relatively high temperature 
increments following the plateau portion of the age spectrum. 
We suggest that this ag~radient may represent a relict diffusion 
gradient that formed as Ar was lost during a period of reheating 
related to the intrusion of the Sebago batholith. 

These two lines of reasoning strongly suggest that the am
bient temperature in the vicinity of the Songo pluton at the time 
of its intrusion was lower than the Tc for hornblende. The 
thermal disturbance associated with the emplacement of the 
Sebago batholith caused almost total Ar loss in hornblendes and 
they finally closed to Ar loss about 305 Ma ago. These results 
pose some problems with respect to the cooling history for the 
Sebago batholith presented by Aleinikoff et al. ( 1985). In par
ticular, they presented U-Pb ages for monazites from the same 
samples they used for U-Pb age determinations on zircons in 
order to date the granites. One monazite was concordant at 272 
Ma and the other had a slight reverse discordance with the 
followinf, ages and isotoRic ratios: 206Pb;238u = 294 Ma; 
207Pb;23 U = 293 Ma; and 207Pb;206Pb = 282 Ma. The best age 
for the latter was interpreted to be 282 Ma. These were inter-

preted as cooling ages following the intrusion of the Sebago 
batholith, and they assumed a closure temperature of 600°C, 
citing Gebauer and Grunenfelder ( 1979). However, Gebauer 
and Grunenfelder did not claim to know the closure temperature 
of monazite. They clearly stated that monazite "once formed can 
survive high-grade metamorphism(s) reaching temperatures of 
600°C or more." This conclusion was based on the results of 
Koppel and Grunenfelder ( 1975) in which a single monazite 
separate from a sillimanite bearing quartzite xenolith gave an age 
that was older than monazites from the enclosing granite, but 
similar to the regionally metamorphosed country rocks. Based 
on this evidence they stated "we tentatively conclude that young 
monazites do not lose significant portions of their radiogenic 
lead even at temperatures above 600°C." This somewhat 
lengthy discussion has two purposes: ( I) to point out that data 
bearing on the closure temperature of Pb Joss in monazite are 
relatively sparse; and (2) to demonstrate that the available data 
provides no real information concerning the closure temperature 
of monazite. 

Closure temperatures are not equivalent to resett ing 
temperatures! Closure temperatures are based on the charac
teristics of Pb diffusion in monazite, grain size, and cooling rates. 
Resetting temperatures are a function of the characteristics of Pb 
diffusion in monazite, grain size, and the temperature and dura
tion of a heating event. Because no data concerning the charac
teristics of Pb diffusion in monazite exist, and because the nature 
of the heating of the monazite studied by Koppel and Grunen
felder (1975) is not known, we know essentially nothing about 
the closure temperature for Pb loss in monazite. On the other 
hand, the database for hornblendes from granitic rocks is some
what better. Harrison ( 1981) conducted a laboratory study of 
two hornblendes of differing composition and found them to 
have essentially the same characteristics for Ar diffusion. These 
correspond to a closure temperature of about 500°C when cool
ing rates are slow. Based on the isotopic results alone, we 
strongly favor the interpretation that regional cooling through 
500°C occurred at about 305 Ma ago. 

Geologic relations also favor our model of rapid cooling. 
De Yoreo et al. , ( 1989) presented a thermal model which 
describes the cooling of the Sebago batholith. They demonstrate 
that cooling to the ambient temperature of the country rocks 
would occur very rapidly. The question then becomes, what is 
the ambient temperature of the country rocks? Arguments 
presented above suggest it was well below 600°C. The ambient 
temperature can be estimated if the thermal effects of the pluton 
are subtracted. Thi s is difficult to do on the north or east side of 
the pluton because of the gentle northeasterly dip of the sill-like 
pluton, its consequent broad thermal aureole, and the presence 
of high-grade metamorphic zones related to earlier Acadian 
plutons. However, a detailed study of metamorphism in the 
vicinity of Gorham, Maine at the southern margin of the batholith 
(Thomson and Guidotti, 1989) sheds light on the pre-Sebago 
thermal structure on the underside of the pluton where tempera
tures would have been highest. In this area, closely spaced 
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isograds parallel the contact of the pluton and metamorphism 
drops off rapidly to garnet grade which represents the pre
Sebago thermal regime. This indicates that local ambient con
ditions at the time of intrusion of the Sebago batholith were well 
below 600°C. These data also make the interpretation of the 
monazite ages as the result of slow cooling untenable. 

The significance of the monazite ages reported by 
Aleinikoff et al. (l 985) becomes unclear, but very interesting. 
Several possibilities exist, but unfortunately definitive data do 
not. Perhaps the closure temperature for monazite is several 
hundred degrees lower than was assumed, though this seems 
unlikely. Another interpretation is that the concordant monazite 
actually dates the formation of the Sebago batholith. In general, 
inherited Pb gives rise to anomalously old U/Pb ages for zircons. 
Contamination of a magma with old, Rb-rich crustal components 
can also result in anomalously old whole-rock isochron ages. 
However, given the virtual concordance of the U/Pb and Rb/Sr 
ages, this interpretation also seems very unlikely. A third, and at 
this time favored, hypothesis is that the central and southern parts 
of the Sebago batholith were affected by a Permian thermal event 
that had little effect on the Songo pluton. This is supported by 
the data of West et al. ( 1988) who reported numerous ages in the 
range of 270-290 Ma for hornblendes from amphibolites in the 
Casco Bay Group lying just southeast of the Sebago batholith. 
Furthermore, one of the hornblendes dated in this study (82-52) 
has ages of 280-290 Ma in its first few increments which could 
be attributed to 40 Ar loss during a thermal event at that time. 

We interpret the isotopic ages for biotites from the Songo 
pluton to date the time of closure to 40 Ar loss following a period 
of slow cooling following the intrusion of the Sebago batholith. 
The 12 biotites from the Songo pluton that were dated isotopi
cally all have ages in the range 256-247 Ma. Harrison et al. 
(1985) have shown that in addition to cooling rate, the Fe/Mg 
ratio in biotite may influence the Tc, which, for igneous biotites, 
may be in the range of 280-300°C at slow cooling rates. Even 
with rather modest estimates of the paleogeothermal gradient, 
20-25°C/km, it is likely that the biotites never closed to Ar loss 
prior to their final retention of 40 Ar at 250 Ma. The biotites 
therefore date the time of cooling through the Tc of biotite, 
approximately the 300°C isotherm, in response to uplift and 
erosion of the region. These data are consistent with other age 
data for micas from the region. De Yoreo et al. (1989) report 
40 Ar/39 Ar ages for 9 coexisting biotite and muscovite pairs from 
the Sebago batholith. These have a range of 229-245 Ma for 
biotites and 240-246 Ma for muscovites. Hayward and Gaudette 
( 1984) and Hayward ( 1989) reported Rb/Sr mineral isochrons of 
about 265 Ma for samples from the Sebago batholith. These data 
are mutually consistent and support the slow regional cooling 
hypothesis presented here as well as by De Yoreo et al. (in press) 
and by Dallmeyer and Van Breeman ( 1981 ). 

The data presented above show that the biotites fall into two 
distinct populations, a group of green biotites (from the BHS 
granodiorite) with ages in the range 253-256 Ma and a group of 
red-brown biotites (from the biotite granodiorites) with ages in 
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the range 247-250 Ma. We envisage two possible explanations 
for this distribution of ages. The green biotites having older 
isotopic ages are all found in the NW part of the pluton and may 
therefore represent regional differences in the time of cooling 
through the biotite Tc. If this is the cause of the age differences 
between the two biotite populations, the correlation of age 
grouping with color of the biotites is coincidental. However, the 
colorofthe biotites reflects (the red-brown biotites having higher 
Ti02 contents; see Gibson and Lux, this volume) compositional 
differences and alternatively the two age populations could 
reflect a compositional dependence on biotite Tc as was 
demonstrated by Harrison et al. (1985). , With the present 
database we are not prepared to choose between these two 
alternatives as either one appears viable. In either case, for the 
purposes of this paper, it is reasonable to conclude that all of the 
biotites cooled through the biotite Tc about 250 Ma ago. 

CONCLUSIONS 

The new isotopic data presented in this paper are sum
marized as follows : (I) New Rb/Sr whole rock isotopic data for 
samples from the BHS granodiorite phase of the Son&o pluton 
~ield an age of 382±34 Ma. However, the 87Rbf6Sr and 
7 Sr/'6Sr data, es~ciall~ for the biotite granodiorite phase, show 

some scatter. (2) "40 Ar/3 Ar dating of hornblende from the Son go 
pluton produces ages of about 304 Ma and suggests that 
hornblende ceased to lose radiogenic 40 Ar at that time. (3) 
40 Ar;39 Ar isotopic ages for biotites fall in the range of 256-247 
Ma and show that the biotites closed to radiogenic 40 Ar loss at 
about 250 Ma. The following are our conclusions based on the 
new isotopic data. Field relationships and previous isotopic age 
dating demonstrated that the Songo pluton was older than 325 
Ma and younger than Early Devonian. The Rb/Sr whole rock 
data for samples from the BHS variety of the Songo pluton 
indicates an age of 382±34 Ma for crystallization, suggesting a 
Devonian age. Based on this evidence, it remains a member of 
the New Hampshire Magma Series like other hornblende-bear
ing granodiorites of western Maine such as the Hartland, 
Mooselookmeguntic, Chain of Ponds, Big Island Pond, Spider 
Lake, and Umbagog plutons. We attribute the scatter of 
87Rb/'6sr and 87Srf6Sr data, especially that of the biotite 
granodiorite phase, to open system behavior that occurred during 
the intrusion of the Sebago batholith. 

Release spectra for the three hornblende samples are all 
disturbed. However, all have plateau ages of about 305 Ma which 
represents the time of cooling through the hornblende Tc follow
ing the Carboniferous metamorphic event. It is difficult to make 
an unambiguous interpretation of the disturbed release spectra 
preserved in these hornblendes, however we feel it is most likely 
that they are the result of both excess 40 Ar and a diffusion 
gradient related to 40 Ar loss during the Carboniferous regional 
metamorphic event. All biotites have nearly undisturbed release 
spectra with plateau ages of about 250 Ma. These record the time 
of last cooling through the Tc for Ar diffusion in biotite. The 
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large discordance between the hornblende and biotite ages are 
interpreted to indicate slow regional cooling in response to uplift 
and erosion during the time interval 305 to 250 Ma. Small 
differences in isotopic ages between those samples from the BHS 
granodiorites and the biotite granodiorites may be the result of 
either differences in regional cooling or more likely to composi
tional differences between the two groups of biotites. 
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